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CHAPTER 11. BALANCING EQUIPMENT
The Main Characteristics of the Balancing Process and Balancing Equipment

[Excerpt] The major cause of vibration in roating mechanism (rotors) is their
lack of balance, which arises during the redistribution of masses about the
periphery and about the length, something which causes a displacement of the
main center axis-of inertia of the rotor with respect to its axis of ro-
tation. Depending on the mutual position of these axes, distinctions are
drawn between static, dynamic and mixed disbalances.

A disbalance is termed static if the vibration vectors at both supports
are equal. ‘In this case, the center of gravity of the rotor is shifted

“from the axis of rotation by an amount e, The centrifugal imbalancing force

is P = sza, where M is the mass of the rotor; w is the angular rota-
tional speed; e is the displacement of the center of gravity with respect
to the axis of rotation (the eccentricity).

A disbalance is called dynamic if the vibration vectors are equal in terms
of absolute value and are out of phase., If the vibration vectors are not
equal in terms of absolute value and phase, then the disbalance is called
mixed.
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In the majority of cases, unbalanced rotors have a mixed
disbalance.

We shall consider the static balancing of a disk, rotating at a speed
considerably lower than the first critical frequency.

The balancing is .accomplished in the followigg’éequence. During the
initial start of the disk, the vibration vector Ag is measured. Then a
test load Py is placed on the rotor and during the second run-up, the vector
A01. Thus, the vibrations are caused by the sum of the centrifugal forces
of the disk and the_test_load._ Then the vibration vector A, caused by the
test load, will be Ag = Agp = Ag. The balancing load is

P
o= 30

Its setting angle ¢g is determined from the vector diagram. Conse-
quently, to achieve balance, instead of the load Py, it is necessary to
take Py, rotate it through the angle ¢g and position it at the same radius.
If the setting radius of the balancing load rg differs from the setting
radius of the test load r;, then Pg can be computed from the from the
formula:

-
Pg=-L2710
6 Ts A,,Po

. In the case of static balancing of the given rotor, the balance loads
_ are placed on both sides of the rotor. If their setting radii are equal
for both sides, then the loads are defined by the expressions:

Pig+ Py=Psi Pig="Py

If r1 # r2, then the loads must be corrected in accordance with the
formulas '

Py = Pygrst Pig + Py L P;.
. " &

In the case of a dynamic disbalance, the balancing loads are computed
in a similar manner, but Pjg and Pys are placed on both sides of the rotor,

In the case of mixed disbalance, the balancing can be accomplished by

dividing the vectors into static and dynamic vectors. It can be seen in
the vector diagram (Figure 3) that the vectors Aoe and- Aoﬂ are equal to
half of the sum and half of the difference of the vibration vectors A01
and Agy:

Age = 208 + Aoa i _A_ox —A‘oz

__2 M 0.1'"%.2——,.

where Kbl is the vibration vector at the first support; Khz is the vibration
vector at the second support.
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The vector Age determines the static imbalance of the rotor, while Agp
determines the dynamic imbalance.

In this case, the rotor can be balanced by separately eliminating the static
and dynamic Imbalances in a manner similar to the preceding one.

The method of computing the balancing loads by means of complex sensi-
tivities has become widespread. This method is most widely employed in
the balancing coupled rotor systems, i.e., where the number of supports
and balancing planes is greater than two.

The initial vibration vectors of a rotor have values of A01 and Aoz. Prior
to run-up, a test load Py is placed on the first balance plane of the rotor.
During the first run-up, the vibration vectors All and A12 are measured and
the following coefficients are computed:
Ay = Aoy . Ayy = Ana
y g = T

P P
where ajj and a2j are the relative changes in the vibration vectors at the
rotor supports when the test load Pyj is mounted cn the first balancing
plane.

(l“—

Prior to the second run-up, the load P;; is removed and the load P;j is
placed in the second balancing plane of the rotor. During the second
run-up, the vibration vectors Apj and Ap» are measured, and the following
coefiicients are calculated:

Ay — Aoy . _ Az; — Aoy
o = 22 = s
- P"_‘ ’ Pn:

where Eiz and ap2 are the relative changes in the vibration vectors at’
the rotor supports when the test load is placed in the second balance
plane.

The coefficients a are called the complex sensitivities and express

the change in the vibration vector with a change in the disbalance per
unit weight as well as when it is positioned at the origin for the rcadout
of the angle of the vectors (¢ = 0). These coefficients do not depend on
the test load.

Depending on the angular position, the balancing loads are determined from
the system of equations:

Prayy + Poityy - f_fm =0
Pl(-l“ + Pz(-lzz + AOZ = 0.

In the case of the balancing of a coupled system of rotors with n supports
and planes, the number of complex sensitivities is n2. Tt is necessary to
make n test runs to determine them. "

-3 -
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The balancing loads are found from a system of n equations:

Padyy + Podiyy + 4 Py + Aoy = 0;
Py +P2“22+ +P,(1»,,+A02=0

Pl“nl + P2“n2 + -+ Pu"un + Aun = 0

Such a system of equations is solved by means of special computer programs
or using specialized computers.

The problem is complicated in the case of vibration at frequencies differing
from the rotational frequency, f.e., in the presemce of interference caused
by roller bearings, nonuniformity of the electromagnetic field, etc., as
well as noise transmitted through the foundation an? from other mechanisms.

The main function of balancing equipment is the measurement of the para-
meters of oscillations caused a disbalance in the presence of a high inter-
ference level,

The following major parameters of oscillations are measured using balancing
equipment: the amplitude or peak to peak value of a vibrational displace-
ment; the relative phase shift.

Balancing equipment has filtering units for isolating oscillations which
cause a disbalance from the entire spectrum of vibrational frequencies of
the rotating rotors. Additionally, units for.measuring the oscillation
frequency, the spectral analysis of the vibrational speed parameters, the
vibrational acceleration, etc.,, can be included in the equipment.

Balancing equipment can be composed of instruments intended for vibrational
measurements. By way of example, we shall consider the unit shown in
Figure 1. The rotor being balanced 1 rotates in bearings 2. An induction
vibrational transducer 3 is rigidly secured to the bearing, while the rotor
of the reference generator 9 is rigidly tied to the rotor being balanced.
The reference signal generator generates a sinusoidal voltage or pulses,
having a repetition rate equal to the rotor frequency.

The v1brat10nal transducer picks up the bearing oscillations and generates
a voltage proportional to the vibrational speed of the spectral components,
If the spectrum of the oscillations falls in a range in which the absolute
value and phase of the transmission factor of the seismic system do not
depend on the frequency, then the voltage at the output of the vibration'
transducer is:
Uiy=B Z w;A; cos (@it + ;)
i=0 :

where B is the transmission factor; A4 and ¢4 are the amplitude and phase
of the vibrational displacement of the spectrum component at a frequency
of wj.

-4 -
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' Analog integrating 4 is used to convert the signal proportional to the

vibrational speed to a signal which is proportional to the vibrational
displacement. If it is assumed that the analog Integrator is ideal in
a range of frequencies from wp to uy, then its output voltage is:

mm—jwmhr—ZszMt+Q

where 1 is the integrator time constant, i e,, the signal level does not
depend on the frequency of the components of the spectrum,

The block of bandpass filters 5 serves to isolate a component Ag with a
frequency of wg equal to the rotational frequency from the spectrum. If
the filter is ideal, if the transfer coefficients at the frequency w; are
equal to unity, and are zero at rotational frequencies other than wg, and
also do not introduce a phase shift at wp, then a single-harmonic signal
at the frequency wp is produced at its output:

U, (1) = By dg sin{wgt + @),

where B, is the overall conversion factor (of the vibrational transducer--
1ntegra%or——fi1ter).

The amplitude of the voltage Up(t), which is proportional to the amplitude
of the oscillations Ag, is measured with voltmeter 6; the frequency of the
oscillations wg is read out on frequency meter 7, and the waveform of the
process is monitored on oscilloscope 10.

Phase meter 8 serves for the measurement of the phase shift between Up(t)

and the voltage picked off from thereference signal generator 9. Selsyns,
rotating transformers, pulse sensors and other devices which generate sig-
nals, the frequency of which coincides with the rotational frequency, can

serve as the reference signal generator,

Figure 1.

A block diagram of a standard
unit for dynamic balancing.

In the system considered here, the amplitude and phase-frequency response
of the seismic system of the vibrational transducer, the integrator, the
filters and all of the measurement instruments have been idealized. Prac-
tically all of the devices introduce considerable errors, especially when
making measurements at low frequencies, When designing vibra: ional meas-
urement equipment, primary attenticn is devoted to the reduction of

-5 -
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of amplitude frequency response errors, In balancing equipment, the
amplitude and phase freqeuncy response errors are of the same sign.

The octave and third-octave filters used in vibrational measurements

have an impermissibly wide passband for balancing equipment, while narrow
band filters have large phase-frequency errors, which are especially marked
in the case of an unstable rotational frequency. If the filters are elim-
inated, then small amplitude and phase-~frequency errors are introduced by
the seismic system of the vibrational transducer and the integrator. The
transmission coefficients are determined from the formulas: :
2

V(l z)z + 432 3
2Bx

1—=x*

o, = arctg

where v, is the absolute value of the frequency characteristics; ¢, is the
- phase shift in the seismic system; 2B is the damping factor; x = £/f; is

R the relative frequency; f£f is the vibration frequency; and fp is the fre-
quency of the first resonmance of the seismic system,

In the lower portion of the measurement frequency range, the errors depend
on x and 2B. The amplitude-frequency error is

xz

B E

and falls off with an increase in B to 0,5-0,55 of the critical attenuation.
With a further increase in B (> 0.55), the error begins te rise, but with

an increase in the damping factor, the phase-~frequency error increases, since
the phase shift is directly proportional to B, For this reason, in balanc-
ing instruments, the increase in B is limited by the permissible phase- -
frequency errors.

In vibrationa measurement equipment, the rise in the amplitude-frequency
response of the vibration transducer at low frequencies, in the case of
inadequate damping in its seismic system, is compensated by means of an
integrating section. In this procedure for reducing the amplitude-frequency
errors, the phase-frequency errors in the lower portion of the frequency
range likewise increase. For this reason, special vibrational transducers
and integrators have been designed for balancing equipment.

Analog integrators designed around microelectronic operational amplifiers
have become the most widespread in contemporary equipment.

- The basic schematics of analog integrators are shown in Figures 2a and b.
The supplemental components Rge and Coe are introduced to limit the direct
current gains of the operational ampiifiers, Y.

-6 -
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Analog integrators frequently perform the function of signal amplifiers,
for signal picked off from the transducer. The schematic of an analog
amplifier-integrator is shown in FIgure 2c.

All analog integrators have a comparatively slow operating speed. Depending

on the requisite integration precision, the integration time amounts to

tens and hundreds of input signal periods, Moreover, analog integrators

have a limited range on the downside-(the lower integration frequency

amounts to units, and more rarely, tenths of a Hertz). For this reason,

- when high speed is required in balancing instruments (for example, to
measure the vibration in the case &f transient processes, for multiple

_ point instruments), analog-digital, digital and number-pulse integration
circuits are finding ever increasing application. The frequency range of
integrators is practically unlimited on the downside, and for this reason,
they can have an integration time equal to one period, and in some cases,
even half or one quarter of a period.

- In balancing equipment, the useful signal is segregated from the spectrum
of oscillations by special filter devices. In the majority of cases, special
electrical filters, as well as multiplier circuilts, are used as such devices.

Balancing equipment can be conditionally broken down into three groups:

1. Equipment with electrical filters;
2, Equipment with selective multipliers;
3. Equipment with combination selective devices.

CHAPTER 12, VIBRATION TEST SYSTEMS

[Excerpts] Contemporary vibration test systems, the action of which is

based on the utilization of the test methods considered here, take the form
of complex sets, which primarily include subsystems for setting, reproducing,
controlling and measuring, and analyzing and recording vibration parameters.

The main component of test systems is the vibrator: the driving element
which is intended for reproducing the specified oscillations. Depending

on the operational principle of the vibrator, various methods are used in
the system to set the test mode, Electrodynamic, electrohydraulic and
mechanical vibrators, which were described in Chapter 14, have become the
most widespread in practice. The first two types of vibrators are employed
in vibration systems which realize all of the modern test procedures. In
this case, electrical signal generators are employed as the setting unit,
Electrodynamic vibrators make it possible to generate oscillations at higher
frequencies (5-10,000 Hz) than electrohydraulic ones (0-1,000 Hz), Mechan-
ical vibrators are employed in systems intended for testing using the method
of fixed frequencies.

The major‘drawback to all types of vibrators is the dependence of their
transfer function on the frequency and load, something which substantially

.
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Figure 2. Basic schematics of analog integrators.

Roc = Rfeedback*

complicates the task of reproducing specified vibration parameters during
tests in a wide range of frequencies. For this reason, to realize any
test procedure, special methods are required to compensate for changes

in the transfer function with changes in the frequency and loads.

Systems for Tests Using Harmonic Effects

Test Systems Using the Method of Fixed Frequencies. A block diagram of

a vibrational system for performing tests using fixed harmonic vibration
modes and the electrodynamic excitation principle is shown in Figure 7.

It contains a master oscillator 1, the sinusoidal voltage at a specified
frequency and amplitude from which is fed to power amplifier 2 and the mov-
ing coil of vibrator 3,.in which the electrical oscillations are converted
to mechanical ones. Using masurement transducer 4, matching amplifier 5
and secondary instrument 6, the specified oscillation level is monitored.
When changing from one frequency to another, the level of the oscillations
is set by adjusting the voltage of the master oscillator.

Conventional RC oscillators (more rarely, LC oscillators), operating in a
wide frequency range (5-10,000 Hz and more), are as a rule used as the
master oscillator. The basic requirements which are placed on the oscil-
lator are nonlinear distortions of less than 1 percent, a frequency and
amplitude stability of 3 to 5 percent for 8 hours of continuous operation
and a frequency scale graduation error of 0,02 f + 1 Hz. These requirements
are the result of the need to reproduce sinusoidal oscillations at specified
frequencies, set in accordance with the test program (primarily at the
resonant frequencies of the product) for an extended length of time.

The power amplifier is a conventional amplifier, in the final stages of which
high power vacuum tubes or transistors are used (recently, circuits designed
around thyratrons have appeared). The power of the amplifiers used in vi-
brational test systems, needed to generate the traction forces of the vibrator

-8 =
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ranging from tens to hundreds of thousands of Newtons, fall in a range of
tens of watts to hundreds of kilowatts. The load on the amplifiers is
the complex impedance of the moving coil of the vibrator, which as a rule
is a low impedance and substantially depends on the frequency.

The basic requirements which are placed on modern power amplifiers are:
nonlinear distortions of less than 3-5 percent when delivering the requi-
site power in the working frequency range; the capability of extended
continuous operation for 8 hours; operational stability when the load is
dropped; a dynamic range on the order of 60 dB and a low noise level (a
signal to noise ratio of > 50 dB).

Electrodynamic vibrators serve ag the actuating element, which generate a
pushing force of up to hundreds of thousands of Newtons with a load lifting
capability of up to hundreds of kilograms in a frequency range of from units
of hertz to kilohertz and oscillation amplitudes of > 1,000 n/sec2,

EHEHTEA B

Figure 7. Block diagram for a test system using the method of
fixed frequencies with electrodynamic excitation:

Key: 1. Master oscillator;

2., Power amplifier;

3. Vibrator;

4, Vibrational transducer;
5. Matching amplifier;

6.

Meter.

Vibration test systems, intended for fixed frequency test procedures, as a
rule, are made In the form of cabinets. The control and monitor system is
housed in one of the cabinets, the individual units of which (for the measre-
ment of the vibration parameters, the monitoring of the operational modes,

the master oscillator, the preamplifier, the power supply of the magneti-
zation coils) are made removable. The power amplifier with the output trans-
former (in high power amplifiers, more than 3,000 VA, the output transformer
is located outside the cabinet) is housed 1n another cabinet., The adjustement,
monitor and signalling controls are positioned on the front panel. There is
electromechanical interlocking in the doors of the cabinets.

The technical characteristics of the most widespread modern vibration test
systems with electrodynamic exciters in our country and abroad are listed in
Table 1.

In vibration test systems, the action of which is based on hydraulic exci-
tation of the oscillations, two methods can be used to generate the specified

-9 ~
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oscillations: electrical and mechanical. The mechanical method of generating
the set oscillations is the simplest. It allows for the production of only
harmonic oscillations. As a rule, hydraulic pulsators are used as exciters
of the oscillations.

Vibration test systems with hydraulic pulsators permit the generation of
alternating forces of <106 N with vibration amplitudes of <25 mm in a
frequency range of <100 Hz. The most widespread models are those of the
following companies: "Losenghausen" (FRG), MAN (FRG), "Rail" (US),
"rokio~Koki" (Japan) and '"Werkstoffpruefmashinen" (GDR).

A distinctive feature of the electrical method of generating oscillations
is the capability of producing oscillations of any waveform with the cor-
responding circuit complexity of the master and control units of the system.
In this case, electrohydraulic vibrators are used as the exciters.

Shown in Figure 8 is a typical block diagram of a te#ting system using the
method of fixed frequencies for the electrical methol of generating specified
oscillations in a hydraulic vibrator. '

The signal from master oscillator 1 and the DC voltage from the zero set
position control unit 11 for the moving part of the hydraulic vibrator is

fed to adder 2. The composite signal, following amplification is fed to
electromechanical transducer 4, in which the electrical oscillations are
converted to mechanical ones. The actuating element of the transducer is
rigidly coupled to the control slide valve of the first stage of a two-stage
(preliminary hydraulic amplifier) of servovalve 5, which converts the mechan~-
ical oscillations into proportional changes in the flow of a liquid, ampli-
fied by the second stage (a hydraulic power amplifier) of the servovalve.

The fluid in the servovalve is fed under pressure from the hydraulic supply
unit 8. The force of the fluid is transmitted to the pistonactuating mechan-
ism of hydraulic vibrator 6, as well as to the product being tested 7, which
is secured to the vibrator table. The specified test mode is monitored by
means of measurement transducer 9 (displacement, speed or acceleration) and
meter 10,

The major units of the system are the master oscillator, the electrohydraulic
vibrator and the hydraulic power source,

A conventional infralow frequency generator is used as the master oscillator,
for example, an NGPK-3, The rate of travel of the vibrator table is propor-
tional to the flow of fluid and changes in accordance with the variations in
the electrical signal from the master oscillator. Positional and velocity
feedback permit the stabilization of the excited parameters.

The electronic units of the system (the oscillator, amplifiers, moniter and
control instruments, the devices for observing the level and waveform of the
vibrations, switching and interlocked devices, etc,) are usually located on
a desk type control panel or (the "Feyri" Company, England) or a control
console (the "MB Electronics Company US).

- 10 -
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Figure 8. Block diagram of a system for tests using the method
of fixed frequencies with hydraulic excitation.

Key: 1. Master oscillatory

2. Adder;

3. Amplifier;

4, Electromechanical transducer;

5. Servovalve;

6. Hydraulic vibrator;

7. Product being tested;

8. Hydraulic supply unit;

9, Vibration trnsducer;

10, Measurement instrument;
1 11. Control umit.

wru

Figure 9. Block diagram of a system for harmonic vibration tests
using the sweep frequency method.

Key: 1. Master unit;
2. Power amplifiers
3, Vibrator;
4, Vibrational transducer;
5. Matching amplifier;
6. Measurement instrument,

The electrohydraulic vibration systems of the "MB Electronics" (US) and
"Douti Rotol" and "Feyri" Companies (England) have become the most widespread.

Modern electrical hydraulic vibration systems make it possible to perform
tests with an expulsive force of 45 * 104 N, an amplitude of the vibrations
from fractions to hundreds of millimeters and an acceleration of < 103 m/sec?
in a frequency range of 0-150 Hz, The leading companies produce various
hydraulic test systems, which differ primarily in their technical character-
, istics and the structural design of the actuating mechanism of the vibrator.
The "Douti Rotol" Company specializes primarily in the production of high
frequency systems which operate in a frequency range of 0-500 Hz with rela-
tively small expulsive forces (< up to 157,500 N) and vibration amplitudes of
less than 25 mm. Low frequency systems (0-150 Hz) having large expulsive
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forces are produced; < 45 104 N by the "Feyri" Company and < 67.5 - 104 N
of the "MB Electronics" Company, and v1brat10n amplitudes of <150 and <230
mm respectively.

It is expedient to employ hydraulic vibration test systems to test heavily

loaded structures, find the resonances of large test objects at large dis-

placement amplitudes for high expulsive forces, and simulate transportation
- * conditions with large amplitudes and low vibration frequencies,

The specific features of hydraulic systems are primarily due to the electrical
hydraulic vibrator.

Systems for product testing using the sweep frequency method. A typical
hlock diagram of a testing system using the sweep frequency method is shown
in Figure 9, which differs from the circuit shown in Figure 7 in that there
is a device in it for automatically running through the frequency range and
automatically controlling the level (ARU) [AGC] of the specified vibration
parameters. It is an indispensable component of a vibration system designed
for tests using the sweep frequency method. All of the electrodynamic, and
some of the electrohydraulic systems are put together with such devices.

Vibration test systems which employ the sweep frequency method are closed
systems and contain a mater unit 1, which includes an oscillator, a sweep
frequency and automatic level control (AGC) unit, a power amplifier 2,
vibrator 3, transducer 4, matching amplifier 5 and vibration measurement
instrument 6,

A type SUVU-3 control system for vibration installation is employed in a
domestic vibration test system as the master unit (Figure 10), where the
SUVU-3 contains a sinusoidal voltage generator (1-8), and a vibration
transducer 12 with matching maplifier 13, an automatic vibration level control
unit (14-~20, 2) and a vibration parameter meter 21,

The master oscillator is designed in a beat frequency circuit configuration,
and differs from conventional beat frequency generators in that present in
the circuit is a selective amplifier 2 with a variable gain, which is the
actuating element of the AGC. The.generator frequency frequency is changed
automatically by sweep unit 8, in which a bidirectional motor is used which
is rigidly coupled through a reducer to the shaft of the variable capacitor
of the variable frequency oscillator 7., The motor is reversed by means of
a microswitch and mechanical stops, placed on the graduated scale of the
master oscillator. The rotational speed of the motor is controlled by chang~
ing the bias magnetization current of the windings from the direct current
source.

The generators of the automatic units of the VEDS type vibration installations
are designed around the same circuit, as are the automatic control generators
of the 1025 type of the "Bruele and Koer" Company, etc.
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The major drawbacks to such systems are the poor stability and precision
of the frequency readout on the graduated scale, and the mechanical control
of the reverse. These drawbacks have been eliminated in the recent models
of the control generators of the "Bruele and Koer" Company: the 1026, 1027
and 1047 types. A crystal and local feedback are used in them to stabilize
the frequency, and analog or digital frequency meters are built In to
improve the frequency measurement precision. A varicap is employed as the
variable capacitor to control the sweep frequency electrically, where the
capacitance of the varicap changes in accordance with the change in the DC
voltage.

Similar functional components, which provide for electrical sweep frequency
control and increase the stability and precision of the frequency readout
have been built into the automatic control devices of other companies, for
example, in the VCCl and VCC1-M generators of the “Derritron" Company
(England) and the SCO-100 and SC0-200 of the "Ling" Company (England). The
S$C0-100 and SC0-200 automatic devices, in contrast to other control gener-

ators, have output signals with triangular and rectangular waveforms besides
the sinusoidal output.

In automatic devices, the frequency scanning rate changes either linearly

or logarithmically, and remains constant when running through the frequency
range. Vibration tests at a fixed scanning rate have the following drawbacks:
the long time to carry out the experiment; the danger of damaging the product
at the slow speed; the considerable errors in the determination of the
frequency characteristics at a high scanning speed. Systems are known be-
cause of this which have a scanning rate dependent on the amplitude-frequency
characteristic: it falls off when approaching resonace and increases with
increasing distance from resonance.

In the systems described above, pilezoelectric acceleration transducers are
usually employed as the vibration measurement transducer, which require the:

introduction of a matching amplifier with a high input impendance into the
system,

The most complex assembly which determines the operational quality of the
entire system is the automatic level control unit for the vibration para-
meters (the AGC). It contains two control channels: a channel for adjusting
the travel level 14, 16 and 17 (Figure 10) and an acceleration channel, 15
and 16, a compressor, 18-20, and stage 2 with a variable gain. The following
requirements are placed on the AGC: it should be stable, have a fast response,
have a large dynamic control range and also have minimum nonlinear distortions
of the input signal when working in a wide range of frequencies.

The operational principle of the control unit consists in the fact that
changes in a specified parameter at the output of the vibration test stand
generate proportional changes in the controlling voltage, and consequently,
in the gain of the controlled stage and the output signal of the master
oscillator. In this case, the specified parameter should be constant.
Compressors which respond when a set level is exceeded have become the most
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widespread in the automatic devices of vibration systems. Depending on

the initial working point on the volt-ampere characteristic of the element

being controlled, the compressor can perform the functionms of an expander,
. i.e., regulation of the specified level is possible when it falls off,

Any devices, the gain of which changes with the action of the control voltage
gan serve as the controlled elements. Vacuum tubes, transistors, semicon-
ductor diodes and photoresistors are the devices most frequently used. In
some cases, automatic regulators with electromechanical control are used,

but because of the large degree of inertia, they have a limited range of
applications.

The method of regulation is based on the change in the slope of the input
or output conductance with a change in the operating mode of the tube or
semiconductor device., In the ideal case, the dynamic range of the change
in these parametérs should be equal to the dynamic control range. With this
method of regulation in a wide range (2 40 dB; recent models of the control
generators of the "Bruele and Koer" Company have a regulation range of 80 dB),
a static control error appears because of the lack of porportionality be-
tween the change in the controlled parameter and the controlling voltage;
a dynamic error due to the inertia of the smoothing filter of the rectifier
of the controlling unit (the compressor); as well as nonlimear distortions

- due to the nonlinearity of the characteristic of the controlled element and
pulsations in the controlling voltage.

It is necessary to utilize the linear section of the change in the
controlled parameter of the controlled element to reduce the static error.
When the linear portion of the volt-—ampere characteristic of a single stage
is inadequate, several controlled stages should be employed to cover a
wide control range.

The leading foreign firms "Bruele and Koer", "Ling", "Derritron", etc.)
use semiconductor components as the controlled element. The static regu-
lation error does not exceed 1.5 - 2.0 dB with a dynamic control range of
70-80 dB, The type 1027 and 1047 devices have a zero static error and
control ranges of 90 and 80 dB respectively.

A field effect transisitor is employed as the controlled element in the
SCO0-100 and SCO-200 automatic devices. This provides for a small time
constant in a wide dynamic range. The static error amounts to less than
1.5 dB with a dynamic control range of 60-70 dB.

Domestically produced systems for the automatic control of vibrattion
parameters are known, which are designed around transistors, the static
control error of which is 1.5-2.0 dB with a dynamic control range of 70 dB,

The dynamic control error depends on the time constant T of the compressor
filter, which determines the control rate (of the compression): the smaller
t is, the smaller the error is, and vice versa. However, in the case of a'
small 1, nonlinear distortions increase sharply because of pulsations of the
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Figure 10. Block diagram of a system for harmonic vibration testing
using the sweep frequency method with the SUVU-3 system:

Key: 1, Fixed frequency oscillator;
2, Tuned amplifier with a variable gainj;

. Mixer;
. Low pass filter;
. Amplifier;
. Cathode follower;
. Variable frequency oscillator;
. Sweep unit;
. Peramplifier;

10, Power amplifier;
- 11, Vibrator;

12. Vibration transducer;

13. Matching amplifier;

14,17, Integrators;

15, Attenuator;
- 16,18, Amplifiers;

19, Paraphase amplifier;

20, Rectifier;

21, Measurement instrument;

I, IT, The switch positions for the travel and accelera-
tion channels respectively.

controlling voltage, especially at low frequencies. In RC filters with a
time constant which is variable as a function of frequency are usually em-
ployed in domestic and foreign automatic devices. In step with an increase
in the frequency, Tt decreases, and the ripple factor remains approximately
constant while the compression rate G increases.

In domestic, and in many foreign, automated units, the time constant and

consequently also the dynamic regulation compression rate is varied in steps
manually as well as automatically by means of a mechanical conmection (or

-19 -
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disconnection) of additional capacitors in parallel with the capacitor having
the lowest capacitance Cmin at f = 3,000 Hz and G = 3,000 dB/sec. The change-
over points are:

B f,Hz . . . . . . 1,000 300 100 30 10
G, dB/sec . . . . 1,000 300 100 30 10

In the latest models of foreign companies, the 1026, 1027 and 1047 (Denmark),
and the VCCIM, SC0-100 and SCO0-200 (England), the compression rate is varied
continuously in accordance with the change in the sweep frequency by means of
a tracking filter.

t
Tuned amplifiers are usually employed as the controlled element for the purpose
of reducing the nonlinear distortions which arise during regulation.

One of the special features of automated unit operation is related to the need
to maintain the acceleration, velocity or travel (sometimes the sharpness)
constant at the monitor point of the vibrator table, It is frequently neces-
sary to maintain a specified travel constant in a specified portion of the
working range, while in another part of its range, the velocity or the accel-
eration is kept constant. In the case of harmonic vibration, these parameters
are related by a definite function: the velocity is the first derivative of
the travel with respect to time, the acceleration is the second derivative and
the sharpness is the third derivative., Por this reasen, when using an acceler-—
ation vibration measurement transducer in a control circuit to derive a signal
which is proportional to the velocity, it is necessary to perform one-time in-
tegration; for a signal which is proportional to travel, the integration must
be performed twice; to obtain a signal proportional to the sharpness, one-time
differentiation is performed., Passive RC networks (and recently also active
filters) are usually employed as the integrating and differentiating networks,

Shown in Figure 10 are the two most widespread control channels: those based
on acceleration and travel., In the latter case, two integrators are used,
At low frequencies, the integrating networks introduce an error in the channel
transfer function. It is essential for high quality integration that wr o T
= [wTipne] >> 1, where Tint = RC and R >> 1/uwC at the lowest frequency of
the working range. Working from the permissible integration error during
vibration testing [§ = 1.5 - 3%], one can determine tjnt and correspondingly,
R and C: OTppr
5 = —Aﬁ]_ 00/
l/l + (O)t"!n’)z "
where w = 27f, ’

When working with integrators at high frequencies, low frequency noise can be
considerable, To reduce it, high pass filters are inserted in the integrator
circuitry (passive or active filters) with slopes of the frequency response
amounting to 12 dB/octave for the case of velocity regulation and 24 dB/octave
in the case of travel regulation. In the type 1026 automated units of the
"Bruele and Koer" company, there are also so-called dynamic high pass filters,
the operation of which is controlled by a digital frequency meter.,

- 20 -
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For the purpose of elimina“ing transient processes, the transition from

the maintenance of a constant travel to maintaining a constant accelerationm,
and vice—versa, is usually accomplished at a so-called transition frequency,
at which the acceleration, computed on the basis of the travel and the fre-
quency, is equal to the acceleration which should be constant. The change-
over is accomplished by means of relays and mechanical stops, positioned on
the frequency sweep scale, or by electrical means. A special feature of the
1026 and 1047 automatic devices of the "Bruele and Koer" company is the
electrical control of the frequency of the changeover, and the possibility
of switching over from one mode to another (for example, from one acceler-
ation level to another) without the presence of nonsteady-state processes,
The changeover frequency can take on any value within the range of working
frequencies of the generator. There are two identical control channels in
the devices which have a common input and which operate from one compressor
rectifier., There is the capability of automatic control with respect to
acceleration, velocity and travel, both with one channel and when changing
over from one channel to another. The operational mode and the level of
the corresponding vibration can be specified in each channel independently
of the other,

Figure 11l. A testing program with automatic changeover
I from one mode to the other.

N o Key: A is the amplitude of the vibrations;
: :I ! f is the frequency;
| | I. Constant travel;
I
i

i

I II. Constant acceleration;
0 *47 III. Constant travel;

IV. Constant acceleration,

There is a similar multilevel programmer in the SCO-100 and SC0-200 automated
units of the "Ling" company (England). Four independent control channels are
used in them, by means of which the test program is realized with three change-
over frequencies going from travel to acceleration (SC0-100) and from travel

to velocity or acceleration (SCO-200), In this case, the test program is
characterized by four levels (Figure 11) with automatic changeover from one

to the other. External multilevel program units can be connected to any of

the channels of the type 1026, 1047, SCO-100 and SC0-200 automated units to
perform tests in accordance with the most complex programs, and graphic pro-
gramming units can also be connected.

Where it is necessary to filter either the measurement or the contrel signal,
the "Bruele and Koer" company recommends the use of the vibration test system,
a block diagram of which is shown in Figure 12. The capability of synchronous
control of the frequency of the tracking heterodyne filter 2, a type 2021,
with a signal from controlling generator 1, or from the tracking frequency
multiplier 10, a type 1901, is utilized in this system. Type 1047 or 1026
generators or earlier generator models of the same company (1008, 1019, 1025,
1040, 1041 and 1042) can be used as the control oscillator. The 2021 filter
which is tuned from the generator, precisely and instantaneously tracks the
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frequency of the signal being generated, A type 2021 unit, connected to

the control oscillator compressor circuit provides for synchronous filtering
of the control signal. The filter bandwidth and the effective averaging
time are varied automatically. This makes it possible to control the out-
put voltage of the generator by changing the level of the primary harmonic,
which is protected against interference and nonlinear distortion, with the
requisite compression rate in the required range of frequencies,

Figure 12. A block diagram of a harmonic vibration test system
employing the sweep frequency method with signal
filtering in an AGC circuit or with filtering of
the signal being measured,

Key: 1. Control oscillator;

2, 11. Heterodyne tracking filters;
3, Power amplifier;

4, Preamplifier;

5. Vibrator;

6. Product being tested;

8. Vibration transducers;

9. Matching amplifier;

10, Multiplier for the tracking frequencies;

12, Level autorecorder;
13. Filter tuning signals;
- 14. Automatic switching of the bandwidth of the filters;

15. Control of the paper drive for the autorecorder.

In the measurement circuit, when tuned from the generator or from a type

1901 tracked frequency multiplier, the type 2021 tracking filter 11 functions
as a tracking filter and serves as a heterodyne frequency analyzer. Since
the 1901 instrument provides for electrical control of the paper travel in
the type 2307 autorecorder for the level, then the system with the frequency
multiplier and the tracking filter can be utilized for automatically record-
ing the frequency characteristics, and also used for harmonic analysis of

the vibration signal.
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TABLE 2. The Technical Characteristics of Automated Units

Parameter USSR cccp ENGLAND A
Tapamerp - -
CYBY-3 B31C SC0-200 SCO-4A VCCI-M
SUVU=-3 VEDS
(A) Huanason wacror, Tu|  5-10000 I 5-5000 0,1-10000 0-10000 0.1- 10000
Morpemiocrs  nimes 1,0; 275 . 0.03f+2 0,14% 0,01/+0,25 -
(B peita wactoTut, 't .
Crabuabnocts wacto-| 1,522 1w | (0,05 +3) - - 0,017
(Q)_ 1. Mo puboTel 3alu
. paboTht
(D) - CKopocTL  pu SREpTKS (1-60) (7.5-15) 190.0!—'999) (0,3-1335) (0,01 —999)
© 4aeToTh rpaa/amn rpag s Tuje; ' Tpan/MHH o Tujc;
de deg /min |(0.001-0999) (0,001 -0,999)
g’mﬁ‘ . B/ 2, OK1/c deg/min 2 OKT/C
. 9
(E). Mpupsoa paisepTki M‘exmu{qccmlﬁ ' 3ngx1pommﬁ
o 0 . Mechanical * Rleectronic
. Buixonnoe uanpawe- 10* - 0,775+ 10%, 6,0* . 10 75

(F) une renepatopa, B

(.Gl HepasromepHoCTh 1,0, ' 0,5 - +0,5; +1,0 0,25
© AUX Ugyx, 4B ,
sy KR .3{, . 10 30 05 | 05-10 10
Tlisamusecknit  nua- ’ 40 ’ .60 ) 70
(1) nazon  peryfiupo- ) . B
i paHus, ab
florpewnocts  pery- 1,5 20 ' 1,2 A Z.b 1,5
(J) auposauus, ab .
Cropoers  peryaupo- | 10: 30: iOO; 10: 30: 100; | 0,1-200: 10: 30; 100: | 5—5000
(K') paHua (ckatia), 300: 1000; 300: 1000; | © 0,3-600; 300; 1000;
i abc 3000 3000 12000, 3000
’ . 3-6000
(L) Yyscreutegphocts, - 50 1~100 - -
MB/g . .
(M); Bxoaxoe conpoThBie- 15.106 | 40-104 1,0-106 >80 -
_ nne, kOm (1000 -T'n) (1000 Ju) (1000 )
Key: A, Frequency range, Hz;
B. Frequency measurement error, Hz;
C. Frequency stability, Hz: 1.5 after 1 hr of operatfon [SUVU~3]
D. Sweep frequency rate;
- E. Sweep drive;
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TABLE 2. [Continued]
! "Bruele & Koer' «Bpioctn 1t Keepr, s Denmark
1017 1022 1025 1026 1027 1047
2-2000 2020000 S—10000 1-10000 2200000 . 5-10060 (A)
L4008 +0,5 Ty | 001/+0,25 | ° 0,1 0,05 -5 0,1; 150
1", £0,0 T | 1041 T ! (B)
He ~Hz
- - — 0.5 3 8 u 007/—na f: 053a8u
100 1o 0,002f—Ha a00Tbt
.- patiot )f- ! Js p (C)
i 3, 4, 3,
Mpusoa pusacprsn (0,3 -335) - (LO=-10% Ipuson pas-| (0} ~100)
| Bucunuii rpansmn o [, st BEPTKH BHELIHRHA Tuic: (D)
i . 0.1-100) Ext, Swee (0,1 -100) |
;Ext:e_rnal Sweep de:g/ml'n ﬁ'oon'mm :° P OKT/MIH
Drive Drive
B } Mexasngeckuit st ¢ | Mexanmuc- ] Quiek 1 ponnblii . ‘;Bnr.x'rponumﬁ, Dnexrponisiii
External mechanical - = cxuit Eflectroﬁic eMEXUHUYECKEHIT ElectroniSE)
poons 12.5 - 10° - o 10° 0 ()
£10 +0,5 £05; £1.0 +0,2 +0.1 < ()
: G.4(100 T | 0,1(1000 i), 0.5--1,0 0,5 - - k. - (m
, Hz Hz
; as 56 60 80 90 @ ey
T 1S 15 10 0 0
‘ (6))
©30710: 30; [ 30: 100; 3005|105 30: 100; | 1.0: 3,0: 10; 30:|  3.0; 10; 30; 10% 30: 100;
i 100 [0} 3003 1000; 100;- 300, 1000 100; 300; 1000 300; 100G (K)
! 3000 . . .
)
- - 10 "
_ (L)
P ndu0 R > 80 »47 >25 >35
; i @

[Key to Table 2, continued]:

F. Generator output voltage, volts;
G. Nonuniformity in the amplitude-frequency response, Ug,,:, dB;

H. KNI, % [not further defined];
I. Dynamic control range, dBj;
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TABLE 2. [Continued]:

naﬁ ) PSSR - ccep England  Amo
apamer,; .
_ggggggteg CYBY-3 B1C SCO-200 SCO-4A VCCIAL
) ﬂpe,lf*.::x.l wavepens: | SPPHed o YIS 8 .
YCKOPEHNS, g 13 30105 30:] 15 3: 10; 30 |O40,1 -300) 1102 {00; (1 =230m
accelerat::’:,on,g 100 100 uepes 10 ab l()()}l ueped 10 Lk
CROPOCTH, M/c - - (0,01-30) - tn stepa
. . uepes 10 ab -
velacity, mfs¢c s epes, 1B pf 10 dB
nepeMelleris, MM - 0,1; 170; 10 | (0,1-300) - - I
| 4epes ‘10 aB . -
travel, mm., tepea 10 2 o
1
Morpetinocts  13Me- |
(0) pewna Ges yuera '
[ YRR .
YeKOpeHH gocal, 4,0 50 1.0 .
vepesity - - - 40 0o
nepeMeLICHIA 40 10,0 . i
travel : - i i
Hanpsxcune cetnt 220(f, =50 Tn) 115—-200—~240] 115127~
nutanns, B ’ : iz (=50 -] 150-220~ ‘
Mains supply +60ﬁ¥ "240
voltage, volts ‘ :
ToTpe6asemas Mot~ - - 40 80 -
(P) HOC1b, BT .
Tabapurnuie  pasvie- - 550 x 392 x | 222 'x 432 x - -
(Q)  pu, mu x 365" x 483
Macca, r Weightly ke- - 19 252 - '

* Vkazauo apQekTHBHOE 3HAYCHHE,

*The effective value is indicated

[Key to Table 2, continued]:

J.
K.
L.
M.
N.
0.

Control error, dB; )
Control (compression) rate, dB/sec;
Sensitivity, nv/g;

Input impedance, KOhms;
Measurement ranges;

Measurement error without taking
the IP [not further defined]
into account, percent;

Power consumption, watts;
Overall dimensions, mmj

9,01-999 Hz/sec;

0.001-0.999 oct/sec;

- 25 -

3, 0.5 after 8 hours of operationj
4, 0,07 £ at fg; 0,002 £ at fp;
5. 1.0-10%4 Hz/min;

6. 0.1-100 oct/min;

7. Electronic, mechanical;

.8, 0,1-300 in steps of 10 4B,
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[Table 2, continued]:

"pruele & Koer" «Bproas 1 Kuepr. Juuns  Denmark
T ] e 1025 1026 1027 1047
[k Fpaayuposii 1 10:.100: (1—1000) Wkasa  vpagyn- [ 1102 100
B BOJILTAN 1000 ,ttepes 10 ab ponana B BO.IbL- 1000 (N)
Scale graduated’ . in steps | raxu eunbenus . .
: (25107~ {0 G Scale dep (3371077~
n volt 25) of 10 dR [Scale grad+ ',
voits wepes 20 ab uvated in uepes 20 ab .
volts and |in 20 dB steps
. 0.125: 1.25: \ decibels 0,25: .5;
; 125 : : 25: 250
i
(0)
' 2.0 24 4.0 0.2 1B 1.0 40
' ' as
1~ 115-127-220240 | 100, 115, 127, 100-115-127-220-240
b (/e =50 + 400 M) 150, 220, 240 " (fe=150 +400 M)
! Bz (fe=50 + . Z
! .Qmonn H
) 2% 80 100 50 80
(®)
!
' 480 3 380 x 284 520 x 340 x 311 x 500 x 222 % 200 x 177 x 320 x
. x 510 x 430 x 430 x 430 (Q)
coous s 30 30,9 1" 10
; : : . Welght

The main technical characteristics of automatic devices which are the most
widespread in the USSR and which are intended for controlling the mode of
vibration tests, are listed in Table 2.

Systems with selectors. When testing by the sweep frequency method, the
control of the specified test mode is based on the information received
at one (monitor) point where the product is secured to the vibrator table.
The amplitudes of the vibrations at other points where the product is
fastened can differ substantially from the specified vibration amplitudes.
This can lead to a significant reduction in the reliability in the test

- results. The product in this case can be insufficiently or excessively
tested,

For the purpose of improving the reliability of test results in vibration
test systems, it is recommended that special devices be used: selectors
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, s — (they are sometimes called averagers).
m = » g They allow for the control of the test
* - : mode based on information obtained as
. — o a result of simultaneous measuring:
i the parameters of the test mode at
several fastening points of the
Figure 13, Block diagram of a product, Several transudcers &
system for testing are used in the system, the signals
by the sweep frequency from which are fed through matching
method using selectors. amplifiers to selector 5, which gener-

Key: 1. Control generator; ates the control signal (Figure 13).

2, Power amlifier; . .
3. Vibrator; Many methods exist of generating
4,

the control signal by means of

Vibration selectors, They are dictated by the

requirements placed on the vibration

tests of a specific product. The

- following can be cited from among the

major methods: the methods of maximum, minimum, and mean levels; vector

averaging of the instantaneous peak values of the signals; averaging of the
absolute instantaneous peak mean or mean square values of the signals; vector
averaging of the instantaneous peak values of the acceleration of a three-
component vibration measurement transducer; averaging the signals derived
from several three-component transducers. It is necessary for the realiza-
tion of the maximal level method that the selector automatically and simul-
taneously compares signals incoming from all of the transducers, and selects
the largest of them, This signal is then fed to a control circuit. The
maximum level selectors are designed around diodes in an OR gate configura-
tion. Signals from the corresponding transducer are fed to the inputs of the
diode rectifiers (usually full wave rectifiers), which are connected in para-
llel, through matching amplifiers. The highest rectified voltage, which is
proportional to maximum amplitude of the vibrations from the amplitudes of
the vibrations of all of the monitoved points where the product is fastened,

cuts off the remaining diodes., This voltage is filtered, converted to a

variable frequency voltage and fed to the control circuit described above,

The conversion of the DC voltage to an alternating one is necessary for

matching to the control circuit. This is usually performed by a simple

chopper at a frequency f = 60 Hz. This frequency is sufficient to provide
for precise control. However, it permits the realization of only accelera-

- tion control. TIf it is additionally necessary to provide for travel and
velocity control, then the chopper should be replaced by a multiplier, which
multiplies the rectifier voltage times the signal from a constant frequency
sinusoidal voltage source.

transducer;
5. Selector,

An advantage of a maximum level selector is the practical total elimination
of the possibility of excess testing of the product, while a drawback is the
possibility of substantial undertesting, Maximal level control i$ effective
at frequencies below 200 Hz, where the large displacements can lead to struc-
tural damage. At frequencies above 200 Hz, especially in the case of test-
ing large objects, this method leads to test conditions which do not corres-
pond to operational conditionms.
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Domestic vibration test systems are well known which have maximum level
selectors, for example, the 10 channel PV~10K type and the 20 channel PKMU

type.

The minimum level method consists in the selectors singling out the lowest
amplitude of the vibrations from the amplitudes of the vibrations of all of
the fastening points being monitored, and controlling this quantity when the
test mode changes. At other points, the amplitude of the vibrations can

be substantially greater than the requisite level, something which leads to

a considerable overtesting, because of which, this method has not found wide
use in vibration testing practice.

The mean level method is the most optimal procedure, in which the danger of
overloading is eliminated, and the possibility of undertesting a product is
reduced to a minimum. In the process of vibration testing control using a
mean level selector, the mean acceleration is kept constant for all of the
points being monitored.

With the vector averaging of the instantaneous peak values of the signals
derived from several transducers, the sum of the vectors can be equal to zero.
In this case, when maintaining a specified mode, the product is subjected to
the action of the maximum loads which the given vibration system can develop.
As a result of this, the product can fail, and for this reason, the method of
vector averaging has not found wide application.

The major drawback to the methods of averaging with respect to the absolute
value of the instantaneous peak values of signals, or with respect to the
mean or mean square value, is related to the fact with a reduction in the
acceleration at some of the control points, in other points, the acceleration,
and consequently also the input level of the corresponding selector channels
is increased proportionately., At these points, the product is overtested,
while the corresponding channels of the selector are overloaded. The worst
case condition is when the acceleration drops to zero at all of the points
being monitored with the exception of one. The acceleration at the acting
point and the input signal of the corresponding channel are increased by n
times (n is the number of points being monitored). For this reason, each
channel should have an n-tuple reserve with respect to a specified mean level.
But even in this case, the method under consideration has an advantage over
the method of averaging the instantaneous peak values as being more reliable
and less dangerous. An additional drawback is the difficulty of the circuit
design realization of the rectifiers for the mean square values, which have
the requisite linear range.

The method of averaging the mean values of signals has become the most wide~-
spread of all of the averaging methods enumerated here. It consists in the

- determination of the mean value for each signal, summing them and the division
of the resulting sum by the number of points being monitored. The mean value
is determined by means of a mean value rectifier. The time constant of the
rectifier filter, usually designed as an RC network, is 0.1 to 0.5 seconds.
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It provides for reliable control in a frequency range of 20-2,000 Hz (the
working range of all the selectors) at compression rates of 80-100 dB/sec.
Higher compression rates lead to control instability, The time constant

can be minimized by means of optimizing the capacitance of the filter capac-
itor with respect to the frequency passbands, Adding and dividing by a
constant number n 1s usually accomplished by an operational amplifier.

The DC voltage at the output of the operational amplifier is converted to
an AC voltage with a fixed or variable frequency, and is fed to a control
circuit, TIn this method of averaging, it is not necessary to use additional
filters, something which is an advantage of it. For example, the method
considered here has been realized in the type 4410 selector of the Danish
company "Bruele and Koer". These selectors have a small number of moni-
tored channels (4-6), Increasing the number of channels is limited by the
nonlinearity of the rectifier characteristic, which is manifest at low in-
put signal levels.

Selectors are known which realize combination methods of generating the
control signal, for example, a four channel selector developed in the US
(maximum and mean level methods), as well as the type 4410 four channel
selector and type 5686 six channel selector of the "Bruele and Koer"
Company (maximum, minimum and mean level methods).

Systems with testing mode control and mechanical impedance compensation.
In vibration test systems, designed for testing products using the sweep
frequency method, the influence of mechanical impedances of the product
being tested and the moving portion of the vibrator is not taken into
account,

The simplest and most effective method of reducing the mutual influence of
mechanical impedances is the compensation method, based on the control of

the specified testing mode by a signal proportional to the product of force
times acceleration., It differs from other compensation methods for mechanical
impedances in that in this case, one does not have to know the dynamic charac-
teristics of the control object and the phase relationships between the force
and the acceleration. To realize this method, it is necessary to addition~
ally incorporate a force transducer 5, two logarithmic transducers 8 and 9,
and an operational amplifier 10, which accomplishes ‘the summing of the loga-
rithms of force and acceleration (Figure 14) in the complement of a conven-
tional vibration test system designed for sweep frequency testing.

In this system, any of the described domestic and foreign generators can
be used as the controlling generator., When a type 1047 generator is used,
for example, system capabilities can be expanded through the introduction
of tracking filters, autorecorders, multilevel programming devices, etc.
into it. For example, a type 8200 force transducer of the "Bruele and Koer"
Company or a type 2103-500 force transducer of the "Endevko' Company (US),
etc., can be used as the force transducer.

Polyharmonic vibration testing system. The systems primarily used for the
) vibration testing of products for polyharmonic vibration are those with
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electrodynamic excitation. Several standard master oscillators are used
te obtain a complex polyharmonic signal, The appropriate frequencies from
the oscillators are fed directly to the input of a conventional vibration
test stand amplifier.

The "Bruele and Koer' Company recommends the use of several control gener-
ators in such systems, for example, of the 1047 type, as well as several
heterodyne tracking filters of the 2021 type. The vibration test system is
somewhat simplifed when type 1026 control generators are used, in which the
tracking filters are built in, In this case, two or more generators can

be used with one vibrator, each of which provides for frequency sweep in a
different range, independently of one another. The signals from the outputs
of the control oscillators are added and act on the vibrator through a power
amplifier. Automatic control of the testing mode is accomplished separately
for each generator synchronously with the specified frequencies by means of
the tracking filters, The block diagram of such a system is showm in Figure
15, Type 1026 control generators are used in it.

The composite signal in such systems proves to be nonsteady-state in terms of
its wave form because of the continuous change in the phase shift between the
components. This drawback can be eliminated if the master oscillator used in
the vibration system, intended for sinusoidal vibration testing, is replaced
by a standard complex waveform generator, for example, of the G6-1 type
(USSR), which makes it possible to obtain the sum of the first through the
sixth harmonics with controllable amplitudes and phases for each harmonic.
When a complex waveform generator is present in the vibration system, the
tests can be conducted using a strictly sinusoidal signal at the output of
the vibrator, since it becomes possible to compensate for nonlinear dis-
tortions,

Figure 14, Block diagram of a system for

4 sweep frequency testing with
4 2 = compensation of the mechanical
> ’ i impedance.
>

0 5 Key: 1. Control oscillator; 2., Power

n El amplifier; 3. Vibrator with the

- )X 7 product; 4. Acceleration trans-

“‘—-‘_-“"‘_“" | <] ducer; 5. Force transducer;

6,7. Matching amplifiers;
8,9. Logarithmic transducer;
10. Adder (operational amplifier).

A block diagram of such a system is shown in Figure 16.

The sinusoidal voltage from the master oscillator 1 is fed to the harmonic
driver (frequency multiplier) 2 and the first harmonic amplifier with the
level controller 3, The harmonic components are singled out and amplified
by means of active filters 4, which have level controllers, and fed through
graduated phase shifters 5 to adder 6, to which the first harmonic signal
is applied. The composite signal is fed through preamplifier 7 and power
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- amplifier 8 to vibrator 9, The
mechanical oscillations of the
vibrator are converted to elec-
trical osctllations by means of
transducer 10 and fed through
matching amplifier 11 and ana-
lyzer 12 (a set of tunable narrow-
band filters) to oscilloscope 13

Figure 15. Block diagram of a and measurement instrument 14,
system for poly- A distinctive feature of a such a
harmonic vibration system 1s the capability of adjust-
testing using the ing the phase shift between the
sweep frequency method: harmonic during the setting of the

LY 2 N -
Key: 1,2. Control oscillators; :peclile:;:ode as vellin the ‘test
3. Adder; ng proc ’

4, Power amplifier;

5. Vibrator;

6. Vibration transducer;
7. Matching amplifier,

A system has been developed in
the USSR for controlling vibra-
tion tests in the case of poly-
harmonic power excitation, which
is a multichannel closed system.
Each channel in this system stabilizes the harmonic component of the accel-
eration at a frequency Fi. The control object is an electrodynamic vibrator
with a preamplifier and a power amplifier. TFed to the input of the pre-
amplifier from the output of the multichannel master oscillator is a complex
harmonic signal,

The output quantity of the system is the a eleration at the vibrator test
table, measured by means of a vibration measurement transducer, The signal
from the latter is fed through a matching amplifier to a block of analyzers,
which takes the form of a parallel harmonic analyzer, which is based on
synchronous detection and which isolates the individual harmonic component
at the frequencies Fi. The signals of the individual channels of the ana-
lyzers are the feedback of the control system; they are compared with the
signals of the master oscillator block. Difference signals are fed to the
block of controllers, which control the output voltages of each channel of
the master oscillator block., We shall consider the operational principle
of the master oscillator block and the analyzer. The master oscillator block
(FPigure 17) contains a common section, which provides for the operation of
all of the oscillator channels, and switchers and frequency drivers for
each channel, There is the capability of selecting any of 100 discrete
frequencies in each channel.

The following are included in the common section of the generator circuit:
heterodyne oscillators 1, 2 and 3; the 20 mixers for the units digit, 4;
the 20 bandpass filters for the units digit 5; the 17 mixers for the tens

digit, 6; the 17 bandpass filters for the tens digit, 7; adder 12; common
mixer 13 and low pass filter 14,
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J .
- JJ Figure 16. Block diagram of a system
4 5 6 for polyharmonic vibration
7
ing.
T 2 o @ Z testing
Key: 1. Master oscillator;

2. Frequency multiplier;

3, Level controller; 4. Filter;
5. Phase shifter; 6. Adder;

7. Preamplifier; 8. Power
amplifier; 9. Vibrator;

10. Vibration transducer;

11. Matching amplifier;

12, Analyzer; 13. Oscilloscope;
14, Measurement instrument;

15. Vibration test stand;
16-20. Switches.

e e e e o o e e e

- Two switches 87 and 85, mixer 9, bandpass filter 10 and controlled gain
amplifier 11 are used to generate the requisite harmonic component in each
channel.

The crystal heterodyne oscillator is intended for the frequency stabiliza-
tion of the reference voltages, necessary for the operation of the analyzers.
The difference in the tuning of heterodyne oscillators 1 and 2 determines

- the discrete step of the generated frequency. Let the difference in the
frequencies of the heterodyne oscillators be F = f2 - fj. Signals from the
first heterodyne and the crystal heterodyne oscillator are fed to the first
mixer. The bandpass filter which is inserted after the first mixer singles
out the total frequency (fcrys + £1). The signal at this frequency is fed
to the units digit mixer and the tens diglt mixer. As a result of the
successive transformation in the units digit, signals are generated at fre~

: quencies of (ferys — nF + £7) and [firyg — (n+1)F], and in the tens digit,

- (f1 + ferys + 10nF) and [£fp + (n+1)10F¥, where n is integers from 0 to 9.

Thus, there are ten units digit frequencies and 10 tens digit frequenciles
in the common section of the generator. By means of the switchers in each
channel, any frequency from the units digit can be mixed with any frequency
from the tens digit. Following mixing, each bandpass filter isolates the
difference frequency signal:

(fo=mF+ )= (1 + 100F) =, — (m + 10n) F,

where n; and n2 are integers from O to 9; 1 and 2 are subscripts correspond-
ing to the position of the switches 87 and 8.

Consequently, in each channel when switching with the switches there is the

possibility of selecting any of 100 discrete frequencies with a discrete
interval of F,
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g +10F Pyt Fug +80F Ht90F

Figure 17, Block diagram of a closed multichannel system for poly-
harmonic vibration testing.

Key: 1,2. Heterodyne oscillators; 3. Crystal heterodyne oscillator;
4, Units digit mixers; 5. Bandpass filters; 6. Tens digit mixers;
7. Bandpass filters for the tens digit; 8. Switches; 9. Mixers;
10. Bandpass filters; 1l. Adjustable gain amplifiers; 12, Adder;
13. Common mixer; 14, Low pass filter; 15, Preamplifier;
16. Power amplifier; 17, Vibrator; 18, Vibration transducer;
19, Matching amplifier; 20. Emitter followers; 21. Synchronous
detectors; 22,24, Amplifiers; 23. Selective crystal filters;
25. Rectifiers with filter.

Following the bandpass filters 10, the signals of each channel are fed
through the variable gain amplifier 11 to the adder 12, To shift the
complex signal spectrum into the low frequency range, the composite signal
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and the crystal heterodyne oscillator signal are mixed in the common mixer
13. Low pass filter 14 passes the difference frequency signal. Thus, we
obtain an output voltage which contains the requisite harmonic component,
the number of which is determined by the number of generator channels and
the requisite nature of the force excitation. This signal is fed through
preamplifier 15 and power amplifier 16 to vibrator 17, The reference
signals, Uon i, for the block of analyzers are picked off from the bandpass
filters 10 from each channel.

The i-th channel analyzer consists of the following series connected sections:
matching amplifier 19; emitter follower 20; synchronous detector 21, which
operates in the frequency mixing mode; voltage amplifier 22; selective

crystal filter 23; amplifier 24 and the rectifier with a filter 25, the signal
from which is fed to the variable gain amplifier 11.

A distinctive feature of this system is the capability of obtaining a large
number of discrete harmonics with a variable gain for each one, something
which permits the simulation of a random process with a specified spectral
density in the requisite frequency range, TIn this case, the test conditions
approach operational conditionms.

A feature of the circuit design of the system is the multichannel nature
and closed aspect of the system, which permit the stabilization of the
level of each harmonic. The precision in the operation of the system in
the case of high open loop gain is basically determined by the errors in
the feedback circuit,

Systems for Random Vibration Testing

Systems for wide band random vibration testing. The transfer function of
the vibrator--product mechanical system changes with a change in the

- vibration frequency and the product properties. The results of full-scale
product tests are shown in Figure 18, It can be seen that are three sharp
resonances of the structure of the product being tested at frequencies of
740, 1,200 and 1,600 Hz on the curve (Figure 18a) for the ratio of the
acceleration to the input voltage, u, as a function of the frequency, besides
the resonance at the center frequency of about 120 Hz and the high fre-
quency resonance (= 1,200 Hz), due to the properties of the vibrator. Shown
in Figure 18b is a curve in which the vibrator resonances have been corrected,
in which case, the natural resonances of the structure of the product being
tested have not been eliminated. Shown in Figure 18c is a curve which illu-
strates the total equilization of the resonances of the vibrator and the
structure being tested.

To compensate for the nonuniformity of the amplitude-frequency response of
the vibrator, equalizing devices are needed, the frequency characteristic of
which is the inverse of the frequency characteristic of the vibrator with
the product mounted on its table. To compensate for the resonances of the
vibrator--product system, similar correcting devices are needed having a
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frequency characteristic which is the inverse of the frequency character-

= istic of the vibrator--product system, For this reason, in vibration
test systems, for the purpose of compensating for the resonances (peaks)
and antiresonances (valleys), special devices, equalizers, are introduced
into addition to the devices which specify, reproduce and analyze the test
mode. Two systems for generating a spectrum of wideband reandom vibrations
are employed as such equalizers: systems with selective tunable filters,
which can be tuned to the peaks and valleys in the frequency response of
the vibrator--product mechanical system; and systems with comb filters,
which can have either manual or automatic control of the amplitude~frequency
response of the vibrator--product system.

Figure 18, The amplitude~frequency response curves of the vibrator--
product system:

Key: a. Without compensation for the resonances;
b. With compensation for the vibrator resonances;
_ c. With compensation for the vibrator and product resonances.

Figure 19. Block diagram of a system for wide band random vibration
testing with tunable filters,

Key: 1. Noise generator; 2. Programmer for the acceleration spectral
density; 3. Equalizer; 4. Excitation level regulator; 5. Power
amplifier; 6. Vibrator with the product; 7, Vibration trans-
ducer; 8. Spectrum analyzer.

Amplitude-frequency response equalizers with tunable filters, Shown in
Figure 19 is a block diagram of a system with tunable filters, Each of

the compensators of the equalizer 3 in such systems take the form of a
device which contain tunable filters with a variable Q and analog com~
puter components, which realize inverse mathematical functions. The filters
make it possible to produce peaks and valleys in the frequency response.

By tuning them to the peaks and valleys in the frequency response of the
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mechanical system, recorded manually or by means of a recorder, and intro-
ducing a definite attenuation in each filter, one can achieve complete
equalization of the frequency response of the vibrator--product system. This
equalization procedure is accomplished prior to testing, for which a low .level
sinusoidal signal (= 0.1 of the specified level) is fed to the input of the
equalizer, so as not damage the product. A signal of the specified spectral
demsity In the requisite frequency range is fed to the input of the equalizer
from noise generator 1 through the programmer for the acceleration spectral
density 2, or it is supplied from the output of a tape recorder on which the
actual vibration process is recorded.

Figure 20, Scheme for the genmeration of the
acceleration spectral density by
means of comb filters.

Key: 1,2, ... n. The amplitude-frequency
response of the filters;

Curve A is the level of the spectral
density.

Figure 21. Block diagram of a system for wideband random vibration
testing with comb filters (manual control).

Key: 1. Noise generator; 2. Filters; 3. Level controller;
4, Adder; 5. Power amplifier; 6. Vibrator; 7. Vibration
transducer; 8. Parallel analyzer.

Such a method of equalizing the frequency response is effective, and using
it, one can obtain better equalization (with an accuracy of + 3 dB). How-
ever, it has not found widespread application because of substantial draw-
backs. These included the necessity of recording the amplitude-frequency

B response of the system prior to making the tests; the complexity of the
aligonment, especially in the presence of a considerable number of reso-
nances; the impossibility of generating the spectrum of a random vibration
process which differs from a flat onej and the necessity of retuning the

= equalizer when the resonances of the object change during the resting
process.
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Manual amplitude-frequency response equalizers with comb filters. It is
convenient to equalize the frequency characteristic of the mechanical

system of the vibrator—-product and generate the specified spectral acceler-
ation density by means of breaking the spectrum of the input signal down
into a large number of narrow frequency bands by means of a set of narrow
band filters, connected in parallel, or so-called comb filters.

The possibility of designing a system with comb filters is due to the fact
that when generating the spectral density, a change in the time-wise form

of the random process may not be taken into account. For this reason, a
certain definite mean level of the spectral density in a narrow frequency
band can be specitfied in each individual protion of the spectrum. However,
for purpose of obtaining a sufficiently precise reproduction of the specified
spectral demsity, it is essential to strictly observe the uniformity of the
input noise signal, as well as the nattow band response and rectilinear
nature: of the amplitude-frequency response of the filters.

Thus, a narrow band equalizer with comb filters breaks the spectrum of the
- randon signal coming from the noise generator down into n adjacent bands
with a variable attenuation in each band,

A spectral density curve (curve A) for the acceleration at a specified point
on a vibration test stand or a product, obtained by means of comb filters
is shown in Figure 20.

The value of the acceleration in a narrow band of frequencies Af is obtained
by integrating the acceleration spectral densgity in this passband and is
monitored by means of an analyzer having a filter for each band similar to
the filter generating the spectrum; as well as a square-law detector, an

- integrator (averaging device) and a recorder.

A block diagram of a vibration test system with comb filters is shown in
Figure 21,

Noise generator 1 generates a signal which has a uniform spectral density
in the requisite frequency range., This signal provides excitation in all
of the frequency band simultaneously., Using s spectrum analyzer, the non-
uniformity of the amplitude-frequency response of the vibrator--product
system is determined. By adjusting the output levels of the signal from
the output of the filters 2 by means of level controls 3 manually, the
amplitude-frequency response is equalized and the specified spectrum is
generated, which is fed to vibrator 6 from adder 4 through power amplifier
5. To provide for good equalization and precise generation of the specified
spectral density of the random process, each filter should have as narrow a
passband as posstble (it is limited by the averaging time of the spectral
density measurement channel and the complexity of the filter design) and

as great a control depth as possible with sufficient rectilinearity of the
amplitude~frequency response. The "MB Electronics” Company (US) recommends
the use of 80 filters with independent control of the attenuation of each
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filter in the amount of 45 dB to cover a frequency range of from O to 2,000
Hz. In this case, the nonuniformity in the overall-frequency response of
the block of generating and analyzing filters does not exceed 3-3.5 dB. To
cover a range of from 10 to 2,000 Hz, the "Derrotron' Company (England)
recommends that there be 48 filters in such a test system and the "Pay-Ling"
Company (England) offers 27 third-octave filters to cover the range from

20 to 2,000 Hz,

The spectral density level of the random process reproduce by the vibrator
is monitored by means of a measurement instrument and an analyzer, which
allows for the measurement of the acceleration spectral density throughout
the entire specified frequency range or at any of the narrow frequency bands,
isolated by means of the analyzing filters, identical to the filters of the
generation unit (the equalizer), As a rule, there is a cathode ray tube
display with long persistence at the output of the analyzer, It makes it
possible to observe the picture of the vibration spectrum when aligning
the system, as well as the during the testing process. By comparing the
resulting spectral density with the specified one, the precision in the
execution of the program is assessed,

An actual vibration recorded on magnetic tape can be reproduced by means of
such systems, In this case, a tape recorder is used instead of the noise
generator, and a sinusiodal voltage generator is used to equalize the fre-
quency response of the vibrator.

These systems have found limited applications because of the existing
deficiencies, Manual equalization of the frequency response and the gener-
ation of the specified spectrum in the case of a large number of channels
takes up a great deal of time and can run up to several hours, in which case,
the service life of the product being tested is exhausted. Instability in

- the operation of circuit components, especially the noise generator, has an
influence on the results, since the control system is an open loop type.

The technical characteristics of manual control systems for wideband
vibration are shown in Table 3.

The principle of spectrum splitting of the input signal into a series of
narrow frequency bands by means of comb filters, Just as in the case of
manual control, is utilized in vibration test systems with automatic control

- of wideband random vibration., However, automatic level control devices
(AGC) in each frequency band are included in the complement of systems with
automatic control.

The block diagram of the SUVU-ShSV-2 80-channel automatic.control system
- for wideband random vibration which was developed in the USSR is shown in
Figure 22,

A noise signal with a uniform spectral density in a specified frequency
range (from 5 to 5,000 Hz) is fed from noise generator 1 to the block of
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driving filters 2 and broken down into 80 adjacent bands. Noise generator
1 has two channels with independent noise sources, and in this case, the
even filters of the equalizer are connected to one channel while the odd
filters are connected to the other channel of the noise generator to avoid
crposs~correlation of the output signals of two adjacent filters [it is
assumed that the amplitude-frequency response of the i-th filter is over-
; lapped only by the amplitude-frequency response of the (i+l) filters].
There are two variable gain amplifiers 3 at the output of driving filters
2. The signal from the outputs of the amplifiers is fed to adder 4 and
through low pass filter 5, level attenuators 7 and preamplifier 10 to power
amplifier 11, which drives the electrodynamic vibrator 15. The spectrum of
random vibration which is reproduced by the vibrator is monitored by means
of pizzoelectric measurement transducer 12, mounted on the vibration test
stand or on the product.

The signal from the output of the measurement transducer is fred through
matching amplifier 13 to meter 14 for the mean square values of the acceler-
ation in the working frequency band and to attenuator 8, which is mechanically
coupled to attenuator 7, inserted in the circuit for generating the specified
spectral density. The presence of such coupling between the attenuators is
dictated by the necessity of maintaining the overall gain of the closed loop

- constant when the attenuation level changes., The signal is fed from the
level attenuator through amplifier 16 to analyzer filters 17, which are
identical to the equalizer filters. The signals are fed from the output of
each analyzer filter through multiplier 18 to the feedback amplifiers 19,
where they are detected and fed to monitor unit 20 for the spectral demsity

- of each channel, The AC signal goes from amplifiers 19 through potenti-
ometers 21 to the AGC unit 22 of each channel, which controls the gain of
the device. The specified acceleration spectral demsity level is programmed
in the requisite frequency range by means of multipliers and potentiometers.

The measurement instrument makes it possible for the operator to be sure
that the AGC unit is operating in the active range. All of the foriegn
series produced vibration test systems with automatic wideband vibration
control are designed on this principle (Table 4).

The systems differ from each other basically in the frequency coverage,
the number of channels, the banwidth of the filters and the structural
design.

The primary frequency range is the band of frequencies from 10 (in some
systems from 20 Hz) to 2,000 Hz. As a rule, this range is covered by

40 to 80 channels, each of which includes one generating and one analyzing
narrow band filter. With an increase in. the number of channels, the band-
width of the filters decreases correspondingly when the same frequency range
is covered. As a rule, the bandwidth of a filter does not exceed 75 Hz
(taking into account the fact that the least width of the resonance curve

of the samples being tested reaches 100 Hz at average frequencies). In
some systems, filters with an identical absolute bandwidth are taken as the
basis, where the bandwidth is 50 Hz for a 40 channel system, for example,
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The Technical Characteristics of Manual Control Systems for
Wideband Vibration

Type, A) (B) Winpiiea lgl)n)mu- <E) .
Ten® ,llu.mjnnu Ynena | Mo0cu weekmit Cpetersn
- Hacror, ot uactor Diipul s LA
hnpata ©Tu KAMI0B | gy s rpon, “"“:i?u"' W MepeHIa
Company (C{ u |Filters
SPV~2 ¢ 202000 30 ZIS' OKT AxTuBible 30 1/,.5-OKTUDHLIC (1)
(ccep)y 20— 5000 36 : oct RC GuabTpsl; ocuma-
v SSR) : Active .‘mrpluid»qrunu
RC-
"Pay“Ling"
«Tlafi-JIunr» 20-10000 27 OKT 1Taccusibie 45 !/s-okTaBNBIE (2)
(Anrans) act, P LQ’V - unbTpB; ocuna-
agarye norpad
) (England) e
N ME/MA 26; 39 10, 11, - 60 ®uabtpsl, arano-
«Jlnmry 12, 13, - rHateie PHanTpan
(Anrsns) 14, 30, BLIDUHIIBATEAS ;
50, 100 ociunorpad;
ME/MA 52 10, 11,. BOBLTMETP (3)
"Ling" 12, 13,
. 14, 15, »
(England) 16.-17.
iR, 25,
30, 50
< Teomtrnom |  25: | macckdd ) .
«eppuTponn 10—-2000 48 12,5: 25; | NMaccnsubic 5 (Amaauiatop;
(AHrmig) 50 MArHHTOCT- ABYXKOOPAHHAT-
"DerritronM PHUKLHOHH BlE Hblit caMonHcen
(England) (100 «l') (5)
T-495, «Mb Ksapuesnie
(6) D:1exTponisken (100 xT"u)
(cua) Crystal
: \
«MB 3next- 02000 80 25 Marnuroct- 60 Auamsiatop:
(7) ponukey 2000 —- 4000 PHKUNONHBE ocuitanol pah
_ (ClIA) «pg—amo (100, 98, Analyze:;
- (8 36 klu)
Oscilloseope
7208, «VDY» 10-2000 12.5; 25; | Marnutoct- 50
(Slionits) 2000 - 4000 50 PHKUHOHHBIE
4000 ~ 6000 (100 xT"n)
(Japan)
10 - 3000 25, 50 [Magneto=
3000 — 6000 trictive
6000 —9000 (100 KA~ )
A. Range of frequencies, Hz;

Key:

_ . B.
c.
D.
E'
1.

Number of channels;

Bandwidth of the filters, Hz;
Dynamic range, dB;

Analysis and measurement tools;
1/4.5-octave filters,a type I-Ch oscilloscope;
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3, continued]:

. 1/3-octave filters; oscilloscope;
. Filters similar to the equalizer filters; oscilloscope; voltmeter;
. Passive magnitostrictive (100 KHz);

. T/495, "MB Electronics" (US);
. "MB Electronics" (US);

2
3
4
5. Analyzer; two-coordinate autorecorder;
6
7
8

. Magnitostrictive (100, 98, 96 Kiz).

Note: The error in the spectral density generation is less than 3.0 dB.

The ARN-1 (England), 25 Hz for an 80 channel system, for example, the

VKV-4500 (USSR). In other systems, the bandwidth varies from 7.5 to 50
Hz, for example, SUVU~ShSV-2 (USSR), in which case four passbands are
employed: 7.5 Hz (1 unit); 12.5 Hz (2 units); 25 Hz (62 units) and 50 Hz

- (6 units).

There are also 30, 60 and 120-channel systems used in the same

frequency range; for example, the 3378, 3379 and 3380 systems of the
"Bruele and Koer" Company (Denmark).

Figure 22, Block diagram of a system for wideband random vibration

testing (automatic control):

Key: 1. Noise generator; 2, Equalizer filters; 3. Device with a

variable gain; 4. Adder; 5. Low pass filter; 6. Measurement
Instrument; 7,8, Attenuators; 9. Output level control;

10,16, Amplifiers; 11, Power amplifier; 12, Vibration trans-
ducer; 13, Preamplifier; 14. Acceleration vibration meter;
15. Vibrator; 17, Analyzer filters; 18. Level multiplier;

19. Feedback amplifier; 20. Spectral density monitor;

21, Programming potentiometer; 22, Automatic gain control.
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The frequency range can be extended up to 5000-10,000 Hz by adding channels
to the basic system, as a rule, with an identical absolute passband of the
filters (the ARN, VKV-4500, SUVU-ShSV-3, etc.).

The basic problem which is faced in the design of wideband random vibration
control devices consists in generating at the input of the object being
controlled (the vibrator with the product) that spectrum which differs from
the specified one at the output of the object by no more than the permissible
overall error: ‘ IG,.(f)—G,—(f.)HI

. = N
& G.(f)

where Gy(f) is the spectral density at the output of the control object;
Gx(f) is the specified spectral density.

The overall permissible error ey includes the approximation and analysis
errors, as well as the statistical and equipment errors.

The approximation error, €appr is due to the manner of generating the spectral
density functions by means og noise generator and a set of bandpass filters.
It characterizes the absolute value of the deviation of the spectral density
function at the output of the generation unit from the derived specified func—
tion Gyj (f) (the spectral desnity at the input to the control object) and is

a decaying function of the number of generating filters.

G (/)
G = )
u ) O (i) 1

where 9g(jf) is the transfer function of the control object,

The approximation error for the i-th channel is expressed by the relationship:

At
Eynnp = % Gx (./ h
where Af is the passband of the narrow band filter; Gy(f) is the second
derivative of the spectral density (a measure of spectral smoothness).

The approximation error is a function of the passband and the shape of the
spectral density. The more uniform the spectrum, the smaller the error;

with a completely uniform spectrum, it is equal to zero., The digitization

- step of the spectrum and the form of the amplitude-frequency response of the
- narrow band filter have a substantial influence on the approximation error.
In the case of an ideal filter with a rectangular amplitude-frequency
response, the specified spectral density is approximated by a stepped line
with a step of A. The best ratio of the step A to the passband Af is a ratio
which falls in a range of 0,5 < A/Af < 0.7,

TThe analysis error, €4, (the resolution error) is related to the finite
selectivity of the analyzing filters, and for this reason, the dispersion

at a definite frequency £ 1is usually not measured, but rather the disw-.
persion in the filter passband. It decreases with an increase in the selec-
tivity of the analyzing filters, i.e., it is also a decaying function of the
number of control channels.,
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The statistical error, egtat, is due to the fact that the duration of signal
averaging at the output of the detectors of the analysis block is a finite

- quantity, f.e., it is the measurement time for the dispersion at the output
of the narrow band filters, For the i-th channel, the statistical error is

1
gy R e,
o VAfT,

where T4 is the analysis time. It increases with a reduction in the filter
passband, i.e., it is an increasing function of the number of control channels.

The equipment error, €aps is due to the error in the channel converters of

- the control system (vibration measurement conversion, the error in the execu-
tion of mathematical operations, the processing of the mismatch signal, etc.)
and does not depend on the number of channels.

Thus, the precision in the reproduction of a specified spectral demsity, Gx(f),
is determined by the quality of the generation of the noise signal; the number
of generating and analyzing filters; their characteristics (bandwidths, ampli-
tude-frequency response, degree of overlapping, etc.); by the parameters and
properties of the averaging devices and the control object; and by the para-
meters of the multidimensional controller and converters, i.e., by the para-
meters and properties of the main functional assemblies of the control system.

White noise generators are used as the noise generators in such systems,
which make it possible to obtain an electrical noise signal having a homo-
geneous spectral density of the:output voltage (+ 1,5 dB) in the requisite
frequency range (1-10,000 Hz) with a normal amplitude distribution. The
requisite frequency range is shaped by a low pass filter. Sometimes, a high
pass filter is used so as to eliminate lower frequencies not included in the
working band.

When developing a control system for a random wideband vibration spectrum,

the priority task is the efficient selection of the number of channels in

the specified frequency range, i.e., the determination of the optimum filter
bandpasses and the spectrum analysis time, From an engineering viewpoint,

a desirable system is that for which the number of channels and the spectrum
analysis time, given a specified system precision, are minimal, However, with
a reduction in the number of chamnels (an increase in the filter passband),
the analysis and approximatien errors increase, but at the same time, the
statistical error falls off; with a reduction in the analysis time, the sta-
tistical error increases., Moreover, it should be considered that with an
increase in the bandwidth of the analyzing filter, it is necessary to corres-
pondingly reduce the measurement time, and vice versa. In this case, the
static error remains constant. In the case of a fixed measurement time, a
reduction in the filter bandwidth leads to significant fluctuations in the
spectral density, and the statistical reliability of the analysis results

- is reduced. The averaging interval Ti = 1/fzv should be substantially greater
than the correlation interval Tyi = 1/2Af of the narrow band process, and for
this reason, the use of a more narrow band filter leads to the installation
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of a filter in the averager with a narrower passband, something which is not
always permissible or feasible in practice.

To measure the spectral desntiy with a high statistical reliability, the
equivalent number of statistical degrees of freedom, kequ = 2AfT should be
rather high (400-500). In this case, the statistical ambiguity is equal

to 7 and 6.3 percent respectively. It is not reasonable to further increase
kequ, since with a substantial increase in kequ, the ambiguity is reduced
insignificantly. Knowing kequ and by specifying the passband, one can de-
termine the averaging time, and consequently, the parameters of the filter

of the averaging device. However, it is necessary to keep the analysis error
in mind.

A filter with a passband of 25 Hz has a high resolution, if fg = 1,000 Hz,
but it is useless when fg = 10 Hz. In the case of a high resolving power
of the filter and high statistical reliability, the measurement time is
increased, especially at low frequencies, For example, when fg = 20 Hz,
Af = 0.2 Hz (Q = £o/Af = 100) and with an 80 percentile confidence range
from -7 percent to -+9.percent, it amounts to 20 minutes, In this case, a
large number of channels (when Q = 4, 20 third-octave filters; when Q =

= 20, 100 filters, and when Q = 100, 500 filters) is needed to cover a
frequency range of 20-2,000 Hz (Q = comst.), For this reason, the ratio
Q = fg/Af should be chosen in an efficient manner. At low frequencies,
where the resonances of the objects beilng tested have a poor Q, the Q
of the filters should also be low (2-5); at high frequencies, the Q of
the' resonances of the objects is considerable, -and for this reason, the

Q of the filters should be on the order of several tens. In modern 80-
channel control systems, which operate in a frequency range of 10-2,000 Hz,
Q = 1.5-80,

At the present time, control systems are being produced with 30, 40, 60, 80,
120 and more channels. As a rule, the generating and analyzing filters are
fdentical, and the number of generating filters is equal to the number of
analyzing filters. However, the ASDE (of the "Ling" Company, England) and
the SARA (France) systems have one filter more in the analysis unit than in
the generation unit,

One of the basic components of a control system is the narrow band filter,
Filter circuits are diverse. They depend primarily on the frequency range,
the requisite passband and the shape of the amplitude-frequency response of
the filter. Active and passive filters are used in modern systems, High
Q selective RC filters, which have a high selectivity at low frequencies
as well are used as active filters. They are distinguished by low size

and weight., Active RC filters, which take the form of amplifiers with twin
T-bridges, have become the most widespread. Combs of active RC filters make
it possible to design compact control systems with a nonuniformity of the
spectral density at the equalizer output of + 1.5 dB. LC filters (crystal
and magnetostrictive types also) are used as passive filters.,
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High Q electromechanical filters have become widely disseminated in recent
times. Combs of such filters make it possible to equalize the amplitude-
frequency response of the vibrator--product system with a linearity of +1dB.
However, the control system is substantially complicated in this case, since
high frequency filters (100 KHz) are usually employed. For this reason, when
generating the spectral density, the spectrum of the working low frequency
signal is shifted to the high frequency range by means of modulators, and
then back to the low frequency range by demodulators ahead of the control
object. As a rule, balanced modulation is employed in such control systems,
a distinctive feature of which is the fact that the carrier frequency is
absent in the frequency spectrum at the modulator output. In this regard,

a carrier frequency is fed to the demodulator input to shift the spectrum

to the low frequency range.

A block diagram of a vibration test system with wideband random vibration
control using electromechanical filters in shown in Figure 23. A special
feature of such a system is the fact that the number of carrier frequency
generators in the circuit corresponds to the number of control channels.

The difference between the carrier frequencies is determined by the passband
of the generating filters and the requirements placed on the precision of
the generation of the specified spectrum, in a manner similar to that for
systems of a conventional design. Despite the complexity of the circuitry,
and the large number of functional components in the system, the latter can
be compact. A drawback to the electromechanical filters used in such systems
is the poor temperature stability of the frequency.

Crystal filters are employed in the VKV-4500 control system (USSR), and mag-
netostrictive filters are used in the ARN (of the "Derritron" company, Eng-
land), the GO2-28 (of the"Chinken KO" company, Japan) and other systems.

In all modern random vibration control systems, the acceleration spectral
density at the output of the vibrator is determined by measuring the mean
value of the dispersion in a narrow band of frequencies. For this, the
signal must be passed through a narrow band filter, squared, and integrated
(averaged)., A typical measurement (analysis) circuit for dispersion contains
a linear bandpass filter, a squarer, and averaging and recording devices.

- A filter identical to the generating filter of the given control channel is
used as the analyzing filter.

The squaring operation is executed with various analog components, which make
it possible to obtain the output parameter of the component as a parabolic

function of the level present at its input:

2(£) = yy2(t)

where y s a constant characteristic of the component.

The error of the squaring component is determined by the length of the
section over which this function is maintained.
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Figure 23. Block diagram of a system for wideband random vibratim
testing with electromechanical filters.

Key: 1. Noise generator;
2, Low pass filter;
3. High frequency oscillator (carrier);
4, Frequency divider;
5, 16. Modulators;
6, 15,17, 19, Amplifiers;
7. Shaping filters;
- 8. Variable gain amplifiers;
9. Mixer;
10. Demodulator;
11. Low pass filter;
12, Vibrational test stand;
13. Vibration transducer;
14, Matching amplifier;
18, Analyzing filters;
20, Automatic gain control;
21. Vibration meter;
22, Spectral density monitor.

Thermocouples, which have a volt-ampere characteristic close to a parabola,
are used as the squarers, In this case, the thermcouple is employed in a
cathode follower circuit configuration to increase the input impedance of
the thermal squarer.
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Square~law detectors designed around diode-resistor networks which repro-
duce the piecewise-linear approximation of the parabolic function have become
the most widespread, With a precise approximation of the parabola in the
requisite dynamic range (approximately 40 dB), the circuit of such a squarer
can be complex and expensive, TFor the purpose of simplifying the circuit,
the square of the mean value is measured instead of the mean square value
(the detector of the mean values is a squarer). The systematic error arising
in all of the filters is identical. For noise with a normal distribution it
is equal to 13 percent and can be taken inte account in the scale graduation
of the equipment., By an appropriate choice of the discharge time constant
14 and the charging time constant t. of the detector, this error can be

_ reduced to a minimum, For a ratio of ty/t. = 4, it is practically absent.
An advantage of this circuit is likewise the fact that the mean value
detector requires less filtering and is less sensitive to a limited random
signal than the square law detector (the low pass filter averaging time
constant can be chosen several tens of times less). The signal is fed from
the mean value detector to a mean value indicator, a quasi-square-law detector
and to the AGC circuit, :

To make precise measurements, it is important to efficiently choose the
parameters of the averaging device, for which elther an integrator or a low
pass filter is used, The precision of an integrator is limited by the true
time of the: measurement, while low pass filter accuracy is also limited by
the low pass filter time constant, A low pass filter yields satisfactory
results when T/tf > 4, where T is the measurement time and tf is the con-
stant of the low pass filter, With an Increase in the low pass filter time
constant in the case of measurements of long duration, the averaging error
of the low pass filter falls off to the value of the integration error. A
low pass filter is significantly simpler than an integrator. It usually
takes the form of a passive RC network. An integrator is designed around
a direct current amplifier with a high negative feedback level.

Domestic single or multichannel narrow profile meters (M1730, M1635, etc.),
graduated in a2/Hz or a cathode ray tube can be used as the recording device
in the monitor units, In this case, the signals from the outputs of the
averaging devices are fed to a switcher, which "interrogates" all of the
detectors successively, and a sequence of square wave pulses is formed at
its output. The pulses are amplified; they can be visually observed on

the screen of a cathode ray tube, the sweep of which is synchronized with
the switcher rotation, The position of each pulse on the screen corresponds
to a specific filter, while the pulse height is proportional to the spectral
density in the given frequency range.

When designing a measurement channel, it is essential co take into account

the error which arises because of the unequal width of the passbands of the
analyzing filters, With an increase in the width of the passband of a filter,
the level of the spectral density increases, To reference the spectral
.density to a constant bandwidth, voltage dividers are provided in the channels
in accordance with the relationship: VAE,/Afconst,
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Light signaling is provided in some models of control devices for operational
monitoring of the specified spectral density level.

In modern control devices, besides those instruments which are intended for
monitoring the spectral density in the individual channels, there are also
instruments for measuring the mean square acceleration throughout the entire
working band of frequencies, In this case, a square-law detector is used in
the vibration meter, and the vibration meter is graduated in units of vibra-
tional acceleration,

The operational principle of the AGC unit in random vibration control systems
is similar to the operational principle of the AGC circuits used in vibration
test systems intended for reproducing and controlling sinusoidal vibrations.
However, it is the spectral density level in narrow passbands which is regula-
ted in them, and not the sinusoidal signal level. For this reason, besides
the vibration measurement transducer and the matching amplifiers, the feedback
circuit should contain the corresponding number of narrow band filters (accord-
ing to the number of system channels), amplifiers, detectors and low pass
filters. The components of the analysis circuit are usually employed as

these elements,

The basic control section is the variable gain stage, where K = K(Uy), where
the signal from the output of the narrow band filter

v() = A() cos [wet + ¢ (1)],

is fed to its input, where wg = 2wf, is the center frequency of the filter;
A(t) and ¢(t) are slowly changing functions of time; A(t) is the signal envel-
ope expressed as a Gaussian distribution function and has a frequency spectrum
from zero to Af/2.

During regulation, the amplitude A(t) should change without changing the dis-
tribution function. However, depending on the time constant of the RC low
pass filter of the AGC detector, the law governing the distribution of A(t)

can change. The actual and the statistical characteristics of the variable
gain output stage should obviously not differ during regulation, if the time
constant of the regulation circuit is large, However, at large values of the
regulation time constant, the equalizer responds excessively slowly to a change
in the signal at the vibration test stand.

The lower time limit for system response is determined by the stability con-
ditions, to assure which it is necessary that at any point in time the fol-
lowing condition be met:

<1

ame <"

where H is the transfer function of the channel from the output of the shaping
filter to the output of the AGC detector; Af is the passband of the analyzing
filter.
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An AGC circuit is usually designed go that wAfRC = 20 - 100. In this case,
the probability density of the amplitudes of the output signal of each chan-
nel of the equalizer practically does not differ from the Gaussian distribu-
tion. If a vacuum tube or semiconductor device is used as the controlled

AGC element, then with high level regulation, distortion of the distribution
of the instantaneous values of the amplitudes of the noise signal being re-
produced can occur. For this reason, it is necessary to use those AGC devices
in which the attenuation factor of the voltage divider or attenuator is auto-
matically regulated, rather than the current of the active device (the vacuum
tube or transistor). The AGC unit is simplified, and there is no electrical
coupling between the circuits of the equalizing device and the AGC unit. Such
a circuit has been used, for example, in the domestic SUVU-ShSV-2 system, in
which a voltage divider consisting of a resistor and a photoresistor, illumi-
nated by an incandescent lamp, is used as the AGC device.

A specific feature of the AGC device with the photoresistor is the linear
response of its volt-ampere characteristic, since the resistance does not
depend on the applied voltage, and such a device does not introduce nonlinear
distortions. The brightness of the incandescent lamp which lights the photo-
resistor changes in accordance with the change in the controlling voltage
acting at the input to the AGC device,

Systems for the narrow band random vibration testing of products. Vibration
test systems intended for reproducing a wideband random vibration make it
possible to simulate mechanical effects closest to real effects. The control
equipment for such systems is complex and expensive, and for this reason, it
is used in large test centers, Under plant conditions, equipment is used
which basically makes it possible to simulate wideband random vibration.
Vibration test systems which test products using narrow band randem vibration -
with frequency scanning of the signal, are employed for this purpose. These

systems are usually built on the same principle as systems for testing with

the sweep frequency method, However, instead of a sine wave sweep frequency

generator, a special narrow band noise generator is used with scanning of the

center frequency, and a functional unit which amplifies thé noise signal

level by 3 dB/oct depending on the frequency is additionally introduced into

the AGC system. =

Because of the similarity in the operational principles of the automatic
control for sinusoidal and narrow band random vibration, they can struc-
turally be combined in a single instrument. The domestically produced
SUVU-USV control system and the 1026 and 1027 control generators of the
"Bruele and Koer" Company are designed in this fashion,

Shown in Figure 24 is a block diagram of a system for testing products with
narrow band random vibration having a SUVU-USV type control generator. The
system operates as follows., A random signal with a normal amplitude distri-
bution and uniform spectral desnity is fed from wideband noise generator 1
to narrow band filter 2 having passbands of 3, 10, 30, and 100 Hz at a fre-
quency of 10 KHz by means of balanced modulator 3 and high frequency sine
wave signal generator 4 (40 KHz), the narrow band noise is converted to the
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Figure 24, Block diagram of a system for narrow band random vibration
testing,

Key: 1, Wideband random noise generator;
2. Narrow band filter;
3. Balanced modulator;
4, High frequency sine wave generator at a fixed frequency;
5. Variable gain amplifier;
6. AGC rectifier;
7. AGC amplifier;
8. Mixer;
9, 10, Variable frequency sine wave generator;
11, Low pass filter;
12, SUVU-3 output amplifier;
13. Power amplifier;
14, Vibrator;
15. Vibration transducer;
16, Matching amplifier;
17, Vibration parameter meter,

range of higher frequencies (50 KHz), The signal is fed from the output of
the balanced modulator to the tuned variable gain amplifier 5, the center
frequency of the filter of which is tuned to the upper sideband of the signal
from the balanced modulator. To generate the low frequency signal in a spec-
ified frequency band, mixer 8 is used, to which narrow band noise is fed from
the tuned amplifier and the sinusoidal signal from the 50 - 60 KHz variable
frequency oscillator (9, 10), The output signal from the mixer is fed to low
pass filter 11, where the signal with the difference frequency is isolated,
The narrow band noise derived in this manner is fed to the output amplifier
of generator 12 and to power amplifier 13, which drives electrodynamic vibra-
tor 14, The mechanical oscillations are converted by vibration transducer 15
and fed through matching amplifier 16 to the vibration parameter 17 and to the
input of the AGC block 7.

The dynamic working range of the AGC device is 50 dB. Similar control gener-
ators of the "Bruele and Koer" Company, the 1026 and the 1027, have a dynamic
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control range of 80 -~ 90 dB. The frequency sweep 1s accomplished automat-
ically by means of an electric motor. The SUVU-USV generator operates in
a frequency range of 5 ~ 10,000 Hz,

Systems for Mixed Vibration Testing.

There are no specially designed systems for the reproduction of mixed _
vibration, The systems used at the present time are combination omes, which
include the control equipment for harmonic and random vibration, Two conduct
the tests using the method of sinusoidal sweep frequency with a wideband
signal superimposed on it having a specified spectral density, the "Bruele
and Koer" Company recommends putting equipment together in the configuration
shown in Figure 25, The sinusoidal excitation signal is generated by the
type 1047 controlling generator 4, while the random signal is generated by
means of a type 3380 automatic equalizer—analyzer 1,2. The distinctive
feature of such a circuit is the presence of the type 2021 heterodyne track-
ing filter 5 in the feedback circuit, where the sinusoidal signal at the
output of the filter is utilized to control the sinusoidal excitation level,
The random signal is fed through a bandstop filter, fncluded in the comple-
ment of the 2021 instrument, to the compressor input of the equalizer—
analyzer to control the spectral density level,

v Multichannel Vibration Test Systems

The behavior of a structure when acted upon by vibration depends on the
external conditions (for example, the exciting forces, their point of appli-
cation and frequency) and on the inherent parameters of the structure (weight,
stiffness, damping, etc.). The determination of the response of a mechanical
structure to the application of a specified external force is the primary

- task of the dynamic analysis of the structure,

By analyzing the reactions of a simple structure to pulsed or noise exci
tation, its parameters can be determined in a short time and with sufficient
precision. Analysis of the effect of a harmonic force yields good results.
The analysis of a complex structure by means of a single vibrator used to
excite the harmonic force is possible in those cases where the natural reso-
nant frequencies are spaced significantly far apart, while the deformation
of the structure is of a single type.

If the deformation is not of a single type and the structure has rather
scattered frequencies and a neglectably small relationship between the
deformations, one vibrator does not assure reliable results. The analysis

is considerably complicated if the structure has natural resonant frequencies
close together and (or) closely related deformations.

In such cases, the mechanical multistage system is reduced to a single stage
one by means of vnoosing that vector of the generalized excitation forces

for which the trajectory of motion of the points of the structure have a
sinusoidal character (a pure tone). Using additional excitation forces, all
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Figure 25, Block diagram of a system for mixed vibration effect
testing.

Key: 1, Type 1406 control generator;
2., Equalizer-analyzer;

3. Power amplifier;

4, Type 1047 generator;

5, Type 2021 tracking filter;
6. Vibrator;

7. Vibration transducer;

8., Matching amplifier,

Figure 26, Block diagram of a dual channel vibration test
system.

Key: 1. Generator;
2. Attenuator;
3. Inverter;
4, Power amplifier;
5. Vibrator;
6. The product,

of the interfering oscillations are excluded, and the natural resonance fre-
quency, the damping and the generalized mass (or stiffness) are determined for
this tone. One of the criteria for the correct choice of the vector of the
generalized forces is the absence of phase shifts between the excitation and
the oscillation velocity of the individual points of the structure,

Because of the necessity of controlling additional vibrators to excite the
additional forces, a multichannel system is required, It is apparent that

a system containing several vibrators of the same type, driven by one or
several source operating in parallel and controlled by one generator, must be
treated as a multichannel system in terms of the equipment used, since it is
reduced relatively simply to a system with one vibrator,
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Figure 27, Block diagram of a multichannel vibration
test system,
Key: 1. Two-phase generator;
2, Common level and phase control unit;
3. Units for controlling the level and phase of the
vibrations of each vibrator;
4. Power amplifier;
5, Vibrators;
6. The product.

Thus, not only the number of vibrators in a multichannel system serves as
the criterion for the system, but also the presence of level and phase
control for the excited force of each vibrator,

Multichannel systems are employed in the vibration testing of large
structures, in studying the natural forms of the oscillations of a struc-
ture and to obtain multicomponent vibration.

The simplest multichannel system is a dual channel system, both vibrators
of which excite forces which are either in-phase or outof-phase (Figure 26).

In multichannel systems, it 1s necessary to control not only the amplitude,
but also the phase of the vibrations of each exciter for the purpose of
producing in-phase oscillations of the excited structural points of the
product ' being tested. TFor this, various types of phase shifters are in-
corporated in each channel system,

The block diagram of a multichannel sytem for studying complex mechanical.
structurs is shown in Figure 27. The number of channels of this system
is determined by the number of vibrators needed to study the structure of
the product being tested,

An integral part of a multichanmnel system is the generators and control
devices for the level and phase of the oscillations of each vibrator, These
devices can be structurally designed as independent units or as component
parts of other blocks of the system,
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The level controls usually take the form of either attenuators (controlled
or manual), or variable gain amplifiers.

The phase shifters provide for a continuous phase change by + 180° through-
out the entire frequency range. Im the case where phase shifters are
employed in multichannel vibration.test systems, a generator is required
which has a two-phase or four-phase output voltage. Phase inverter and
integrator generators most completely meet these conditions. Synthesizers,
which make it possible to provide for computer comtrol, have recently become
increasingly widespread.

The presence of several vibrators and the complexity of the structures being
tested determine the multichannel nature of the equipment for the measurement
and recording of the vibrations. As a rule, several hundreds of transducers
can be mounted on a complex structure, and for this reason, the measurement
and recording equipment contains various kinds of switchers. A computer can
play the part of the switcher. To set the level and phases at all exci-
tation points, devices are used to simultaneously observe the oscillations

at all of these points.

The procedure for the automated control of a specified testing mode is
substantially complicated, since it is necessary to track the amplitude
and phase of the vibration. In such systems, the amplitude and phase of
the oscillations of each vibrator are controlled by means of measuring the
in-phase and quadrature components of the oscillation vector, the informa-
tion on which is rooted to the automatic level and phase control circuitry.
The in-phase component is usually regulated by the AGC circuit described
earlier. The quadrature component is employed for automatic phase tuning,
i,e., to synchronize the oscillations of the vibrators., For this purpose,
foriegn companies have developed and are producing special devices: vibra-
tion synchronizers, which take the form of automatically controlled phase
shifters, which assure the phase agreement of all exciters in the working
range of frequencies. For example, the "Chinken KO" Company (Japan) is
- producing a synchronizer, by means of which the vibrations of four vibra-
tors can be brought into phase. The control oscillators (the 1026 and 1047,
etc,) of the "Bruele and Koer" Company can also be used in multichannel
vibration systems., A provision is made in them for the capability of
adjusting the phase by 360°. In the case of the parallel insertion of
several generators of this type in a "master-slave" circuit configuration,
one can automatically regulate the amplitude of the oscillations of each
vibrator with a multichannel system,

Sometimes, for example, in the case of resonance oscillations or strong
couplings between the points where overloads act, even in the case of good
synchronization, the influence of adjacent vibrators can lead to system
instability and its failure. At frequencies above 200-400 Hz, it is im-
possible to establish the parameter of a specified testing mode in the
case of sinusoidal and random vibrations, and to independently regulate
each vibrator of a multichannel system. The causes of this situation are
the cross~talk couplings and mutual influence of the various excitation
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points of the structure. Because of the crosstalk coupling, the overall
level of the oscillations at the point being monitored can reach such a
value that reducing the input excitation level to it has almost no influence
on the overall amplitude of the vibration. Various methods are employed to
reduce the influence of cross-talk, For example, to compensate for cross-
talk energy one can use a crossed feed of the vibrators (Figure 28), This
produces exciter oscillations out of phase with the oscillations resulting
from mechanical cross-talk, The cross—-talk factor is:

. ]

, CF,'jslT,/‘; (e‘I:O:au),

where V; and V4 are the responses at the i-th and j-th monitor points; ajij
is the mechanical transfer function of the crosstalk to the i-th vibrator
from the j-th vibrator.

Figure 28. Block diagram of a dual
channel vibration test
system with compensation
for crosstalk energy.

Key: 1. Power amplifiers;
2. Vibrator; 3. The product;
4, Adder: ei is the electrical
signal of the i-th vibrator;
Kji is the electrical transfer
function of the additional
crosstalk supply unit; e} is
the composite signal of the
i-th vibrator,

-x g x 7a |a 2 x

i 9 o) 9 )

al @ b) ¢)

Figure 29, Diagrams which illustrate the manner of compensation
for the crosstalk energy.

The primary task of the crossed feed is to reduce the crosstalk factor cFj4
to a value of less than unity, since in this case, the automatic control
system operates stably and effectively,

Prior to testing the structure, the crosstalk factors at the control points
in the working frequency range are determined beforehand for the case of low
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excitation levels, and the corresponding gains are set for the cross feed
devices driving the exciters,

- Another method of compensating for crosstalk energy consists in generating
a stabilizing signal from the vibration actien applied to the structure from
at least one exciter, and in using this signal to control the other exciters,
- (FPigure 29), Vector 1 in Figure 59a represents the amplitude and phase of
the force acting on the product from one of the vibrators, vector 3 repre-
sents the action of the other vibrators at this point on the product; the
resulting action is depicted by wvector 2, In Figure 29b, vector 3 is
amplified so much vector 1 has a negative component, which corresponds to
the removal of power from the product by this vibrator. System operation
is unstable in this mode. Shown in Figure 29c¢ is the method of generating
an additional vector la, which compensates for the negative component vector
1. If it is added to vector 1lb, then the result is vector 1, shown in
Figure 29b., Vector la is the control vector. Its direction is opposite to
the direction of the vector of the resulting vibration 2, while its magnitude
should be such that vector 1b is always directed to the right, i.e,, it should
not have a negative component, It is shown in Figure 29d that the vectors
la, 3 and 1b yield as the sum vector 2, which corresponds to stable system
operation thanks to the direction of vector 1b.

-

TABLE 5

The Technical Chracteristics of Vibrators

Syste'm 1 Maxcusasisian | Makcusanias Bepxuss Makenss ..
Tun * Tun B0y KIMCMUA ckopocth YpanKNIAS | HOC Hepesy.
CHEIEMLE BOIOY INTCIH i, Ko1eBanii, waC 1018, wienie,
Type o H Be Me . Iu 5. MM _
HS-0151 0,8 - . 8000 0.5
- HS-1005 HE-1100 5000 1.3 100 50
HS-1010 HE-1200 10000 0,65 .
HS-1020 . HE-1300 20000 L2
- HS-1050 HE-1500 50000 1,0 80
HS-1100 HE-1600 100000 0,5
100
- H$-1500 HE-1800 S00000 0.2 k)

Key: 1. Type of exciter;,
2. Maximum excitable force, Nj;
3., Maximum vibration speed, m/sec;
_ 4, Upper frequency limit, Hz;
5. Maximum travel, mm.

The methods of compensating for crosstalk energy considered above are labor
intensive in their execution and require complete automation for wider
introduction into vibration testing practice,
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Electrohydraulic vibrators are widely used in multichannel systems as the
force exciters, Thus, for example, for the vibration testing of motor
vehicles and railroad cars, as well as tests for vibrational strength and
the experimental determination of the parameters of the natural resonant
oscillations in models of buildings and structures, hydraulic installations
have been designed by the "Chinken KO" Company (Japan), which are intended
for operation in multichannel systems (Table 5).

The "Inova" Company (Czechoslovakia) produces the EDYZ3-n and EDYZ4-n
electronic control equipment which is intended for the control of electro-
dynamic vibrators (1 ~ 4) during programmable dynamic testing of structures
in accordance with a specified law for the change of the acceleration in.a
frequency range of 0,03 ~ 300 Hz, The control gear is equipped with a
programming unit and a photoelectric device for input from eight-track
punched tape.

Structures with distributed parameters (weight, stiffness, damping) are
studied by means of multichannel systems. To be numbered among these are
first of all complex equipment sets and their structural components, which
have a large number of natural resonant oscillation forms., This special
feature of the tests produces a number of additional requirements which are
placed on multichannel systems intended for studying the natural resonance
forms of the oscillations of a structure,

As a rule, the number of channels in such systems is significantly greater
than the number of channels in a vibration test system, something which
substantially complicates the testing procedure, Stricter requirements are
placed on the control equipment as regards the precision in setting the
requisite parameters., The level contrellers should assure a force setting
accuracy with an error of Q0,5 percent, and for this reason, multiturn wire
potentiometers are frequently used as the level controls as part of a set
with multichannel readout devices,

Increased requirements are likewise placed on phase controllers, For example,
the error in setting the phase should be less than 0.5 degrees, By using
potentiometers and readouts similar to those employed for the level control,
these requirements can also be met,

It is essential to reduce the influence of the vibration exciters, the vibra-

~tors, on the parameters of the structure and the reaction of the structure

to the excitation of the force, For this reasen, the vibrators should have
a minimal connected mass, while their suspension should have minimal stiff-
ness with respect to the weight and the stiffness of the element of the
structure being studied, to which they are connected. These requirements
are met by electrodynamic vibrators with a light moving coil, which have

a suspension system only for centering the moving system, and which are con-
nected to the structural element by means of light tie rods. To be numbered
among the special features of these vibrators are the wide frequency range,
beginning at zero, and the high linearity of the characteristic (about 1%):
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F = £(I,), where F is the force which is developed; I is the current
in the moving coil in a wide dynamic range (less than 60 dB). Moreover,
there should be no phase shift between the current in the coil and the
pushing force throughout the entire frequency range.

All of the system components should remain linear during excitation. This
means, that even at resonant frequencies, the deformation of the structure
at any point in it should not exceed the limits of elastic deformation. To
obtain such exciting forces at resonant frequencies, vibrators are required
having low forces, Thus, for example, vibrators with an output force of
1,000 - 2,000 N are uased to investigate such bulky structures as modern
aircraft.

When mechanical oscillations of the structure are present at a natural
resonant frequency, the forces developed by the structural components, the
mass of which considerably exceeds the mass of the moving system of the
vibrator, coincide in phase and level with the force excited by the vi-
brator at a "reference" point, i.e., with the force which was produced by
the mechanical oscillations of this structure. At all the remaining points,
the force developed by a structural element can in the general case consid-
erably exceed the force developed by the vibrator positioned at the given
point, and may not coincide with it in phase, i.e., the vibrator can be
placed in motion by an external force,

In vibrators which operate in a generator mode (forced motion), a voltage
is generated which does riot match the phase and level of the voltage (or
current) of the power amplifier. As a result, the overall voltage (or
current) of the power amplifier can differ from the specified value, some-
thing which leads to a distortion of the study results.

In order for the moving system not to exert a marked influence on the

- excitation current with forced oscillations, the output impedance of the
amplifier should be high. An amplifier which is a current generator, the
output impedance of which amounts to tens of Kohms meets these requirements.
The choice of the level and phase of the exciting forces of the vibrators,
where the overall number of forces is equal to three, is relatively simple,
but becomes considerably complicated when their number increases, The ideal
choice is possible only in the case where the excitation points and the
directions of the excitation forces are chosen in such a manner that the
introduction of any additional exciter, with the appropriate regulation of
its force and stiffness (the excitation level and phase) can preclude the
excitation of at least one additional tone, The position of the nodes of
the interfering tones and the direction of the excitation forces at the
start of the testing are not known precisely and are ascertained during the

- testing process. In those cases where the vibrators excite forces at
arbitrary points, the change in the force and stiffness of one vibrator
‘leads to a change in the force and stiffness at the remaining points of the
structure. The "Prodera" Company (France) produces 2, 4, 8 and 16 channel
equip:gnt, including the power supply equipment, exeitation control and
recor i . $
st:udyi#g1g t:ehqeu 1sp tmret_?ctt:urelst oaflsaon maa:i?:cfl.:aacfttu 1‘iens It't].h fghetq.ulpment and exciters for
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Dual channel equipment s intended for studying comparatively simple
assemblies and units (crankshafts, spindles, springs, gear hoxes, ete),
as well as samples of materials when flexed, twisted or under tension
and compression. Tests for wear or rupture with an alternating load can
be carried out using this equipment,

Included in the equipment set are a generator and two exciters with power
amplifiers. The level control for the common channels is accomplished
by the output voltage of the generator, and in each of the channels by
the gain of the power amplifiers, The amplifier phase can be varied by
180°. The system is designed in the structural configuratien shown in
Figure 26,

Such complex structures as motor vehicle compartments, aircraft, engines,
etc. can be tested using four channel equipment, Such systems are composed
of a two-phase generator, excitation level and phase control units, vibrat-
ors, power amplifiers and vibration analysis equipment. This equipment
includes vibrations transducers (for travel, velocity or acceleration), a
multiphase meter or the simultaneous observation of 20 Lissajous figures,
which determine the phase between the exciting force at the characteristic
points and the velocity of travel of these points, as well as units for
isolating the real and imaginary components of their coordinates.

In some cases, in particular, to study symmetrical structures, four exci-
tation points can be insufficient. Then eight-channel equipment is employed;
it includes two sets of four—~channel equipment.

A set of eight-channel equipment can include equipment for automatically
recording and processing the test results, Sixteen-channel equipment is
also put together in a similar fashion, by means of which, one can carry
out any kind of investigation.

The 2, 4, 8 and 16-channel systems can be put together with vibrators of
different types. Depending on the complexity and the overall dimensions
of the structure, and the type of tests, the company recommends vibrators
of the following types:

1) When testing for fatigue life and general studies of heavy structures:
- 20TE20 - EX303; medium structures: EX303 - EX304; light structures:
EX304 - 20IE30;

2) For laboratory studies of a rigidly secured structure: 20IE40, and 6n
a breadboard model; 20IE30; in the case of high frequency tests: 20IE20,

The technical characteristics of the vibraters of the "Prodera" company are
given in Table 6.

Systems for Multicomponent Vibration Effect Testing

The vibration test systems which have been considered are intended for gener-
ating vibrations in one direction. Under actual conditions, the majority of
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TABLE 6. The Technical Characteristics of the Vibrators of the "Prodera

Company.
. MakscimanbHag Macca Bepxuss
(]_) Tun (2) Tun pOBYRIACMAR | HOABMXHOR | Tpa pevet
BoI0yNTE A youmre.s cuna, gueTeN I, wacrota, )
(3) H (4] x (5) (6)
FX-497 494730 5 0,01 600 5
A
2NIEH,C A-436 0,1 300
EN-303A Zl)WASOBR 10 0,032 200 10
EX-304C A-436 0,02 1000
201E40/B 20WASOJA 35 0,09 2000 5
EX-303A 20WASOJA 0,095 1400
EX-3031 . A-494/30 50 0,17 1130
EX-303C A-436 0,15 1000
201E20C A-136 0,32 A 250 10
201E20B 20WASOJA 200 0,36 200
201IE20 A-438 . 0,26 1000
EX-356 0WASOTA +FA 600 1,35 200
' EX-420C A-438 1000 ‘30 150
= 2 ’ 400
EX-4201 2XA438 ; s
t:X-420E 2XA4R 2000 <50 50

Key: 1. Type of exciter;
2. Type of amplifier;
3. Maximum excitable force, Nj
4, Weight of the moving system, kg;
5. Upper frequency limit, Hz;
6. Travel, mm.

products experience vibration loads in several directions. Vibrations along
each axis of an arbitrarily chosen spatial system of coordinates have a dif-
ferent nature of the timewise change and a different degree of cross-correla-
tion between them., For the purpose of having test conditions approximate the
actual ones, it is essential to have multicomponent vibration test stands

which reproduce the spatial vibration while meeting the requirements presen-
ted abeve,

The motion of a solid in space is determined by six degrees of freedom:
three translational degrees in three mutually perpendicular directions and
three rotational ones about the coordinate axes of the translational motion.
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Test stands which limit the possibilites of the motion of the body to two

to three degrees of freedom are usually employed in vibratien test systems

- (translational motion of the body in two to three mutually perpendicular
directions or translational meotion along one exis in conjunction with rota
tion about this axis, etc.). The structural design of the vibrators is con-
siderably complicated with an increase in the number of components. This is
related to the necessity of eliminating mutual influence between the indi-
vidual components, something which is achieved dy virtue of substantially
complicating the structural design of a vibrator. Moreover, when the number
of components is increased, the operational reliability falls off sharply and
there arises the necessity of automating the process of controlling and re-
cording the parameters being measured because of the great labor intensity
of manual control and recording of the parameters,

Multicomponent vibrators can be electromechanical, electrohydraulic, electro-
dynamic and mixed types. In accordance with this, the power supply and control
equipment for such vibrators is diverse in terms of its compositiom. It can
included control consoles with electric motors, pumps, direct current and
alternating current power amplifiers, etc. Such vibrators are usually in-
tended for solving specific problems, and are rearely all-purpose types.

As a rule, they have a complex structural design and a limited working range

of frequencies and amplitudes.

Two and three component electromechanical type vibrators are known, which
generate harmonic oscillations in two to three mutually perpendicular direc-
tions in a range of frequencies up to 200 Hz. Dual component electrodynamic
type vibrators have been designed which reproduce longitudinal and torsional
oscillations independently of each other, in a wide range of frequencies
(longitudinal oscillations of 2,000 Hz, angular oscillations of 500 Hz),
accelerations (longitudinal oscillations of 750 m/secZ, angular oscillations
of 3,000 deg/secz) and displacements (longitudinal displacements of 10 mm,
angular, + 7.5°) in accordance with any specified law. There are individual
examples of vibrators which have five to six degrees of freedom and operate
in a range of frequencies from 0.1 to 5 Hz with oscillation amplitudes of
less than 40 rm.

Of the greatest interest are vibration test systems with multicomponent test
stands which consist of single component electrodynamic vibrators having a
common vibration platform. A block diagram of a system for reproducing three-
component vibration is shown in Figure 30 which used electrodynamic vibrators,
which reproduce oscillations in three mutually perpendicular directions on the
X, Y and Z axes. The operation of electrodynamic vibrators 6x, 6y and 6z is
controlled by master generators 1 or programming racks 2x, 2y and 2z through
remote control panmel 3, Each vibrator can be controlled from the master units
of both types independently of each other. When specifying the vibration from
the programming racks, control 1s realized through a cross correlation instru-
ment for vibration processes, 10, in which the regulation of the cross corre-
lation level of the vibration is accomplished along the X, Y and Z axes.
The moving coils of the vibrators are powered from power amplifiers 4x, 4y

and 4z, Besides the control equipment, this system includes spectrum
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analyzers for determining the spectral densities of the vibration accel-
erations along the axes, as well as spectrum analyzers for the cross-corre-
lation functions 5x, 5y and 5z,

Figure 30, Block diagram of a system
for multicomponent vibra-
tion testing.

Key: 1. Control generators;
2z,2y,2x., Programming devices;
. Control panel;
4z b4y,4x, Power amplifiers;
5z,5y,5%. Spectrum analyzers;
6z,6y,6x. Vibrators;
7z,7y,7x. Vibration transducers;
8. Attachment for fastening
the product;
9. Bed on which the vibra-
tors are mounted;
10. Cross-correlation Instru-
ment for the vibropro-
cessors.

The signals are fed to the analyzers from transducers 7 through the corres-
ponding meters, which are included in the complement of the programming
racks.,

The major component of this installation is the vibration platform, the
structural design of which precludes mutual influence between components.
1t is made in the form of a cube or three rigidly fastened, mutually per-
pendicular walls. The outer surfaces of the vibration platform are coupled
through special disks to the vibrators. The surfaces which are adjacent to
the platform and the disk are ground and there is a layer of oil between
them. Rather great attractive forces (about 1 kgf/cm2) arise between such
surfaces, and at the same time surfaces easily move with respect to one
another, The influence of frictional forces is small, It has a pronounced

effect only at frequencies below 40 Hz and is absent at frequencies above
100 Hz.

{

The advantages of the system considered here must include the presence of

a wide range of operational parameters, which is basically determined by
the technical characteristics of the electrodynamic vibrators used in the
system; also, the possibility of testing products in accordance with any
specified law; the universality of the system (the possibility of generating
a strictly unidirectional, plane or spatial); the possibility of specifying
and controlling the cross-correlation; and the absence of the necessity for
synchronizing the oscillations for each component.
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The Technical Characteristics of the System

The working frequency range, Hz 5 - 3,000
The maximum ejection force of the vibrators, N:
Vertical 50,000
Horizontal 6,000
The maximum acceleration developed by the vibrators,m/sec?:
) Vertical 500
Horizontal 300
The maximum amplitude of the vibrations, mm 12
Maximum load 1lifting capability without additional
weighting, kg 70
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CHAPTER 13. SYSTEMS FOR MEASURING AND ANALYZING VIBRATION, SHOCKS AND NOISE

Acoustic Noise Measurements Systems

Acoustic noise measurement systems make it possible to study the effect of
acoustic noise on people and equipment, and to monitor and reduce its impact,

The noise level produced by a machine or mechanism depends on many factors,
and for this reason, it is recommended that noise be measured under acoustic-

, ally specified conditions, as indicated in the instruction of the International
Standards Organization, the ISO, on technical standards and specifications
(IS0, Instruction R495). The acoustic noise power developed by a mechanism
can be assessed on the basis of measurement results. When measuring noise,
three different types of an acoustic field are usually determined: the

acoustically free field, the diffusion field and the semireverberating field.
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Noise measurement and analysis systems are primarily used to determine the
acoustic properties of a room and improve them; to ascertain the results of
the action of acoustic noise on equipment and personnel; in the field of
acoustics and communications to evaluate the quality of electrical acoustic
devices; and in research in physiological acoustics and acoustic measurements
in 1liquid media.

Acoustic noise measurement and analysis systems can be broken down into two
main groups to ascertain the results of the action of noise on equipment and
personnel during the operation of equipment and during its testing. Included
in the first group are systems consisting of portable and miniature equipment
for use in the field, and in the second, complex statfonary systems for use in
research laboratories,

The simplest measurement system consists of a microphone and a preamplifier,
placed on a tripod or stand, in which case, the preamplifier output is coupled
to the input of an instrumentation amplifier, The instrumentation amplifiers
used in such systems usually contain A, B, C and D equalization circuits. The
simplest acoustic noise measurement system is realized in the domestically pro-
duced "Shum 1" noise meter, as well as in the SPM10l noise meter (GDR). Such
a system can be designed by using the equipment of the "Bruele and Koer" com-
pany, for example, the 4145 microphone, the 2819 preamplifier, and the 2606
instrumentation amplifier.

To measure a noise dose, a system is used which takes the form of a combina-
tion of a noise meter and a dosimeter or instrumentation amplifier with a
dosimeter. Such a system is intended for estimating the equivalent level of
continuous sound in accordance with the requirements of domestic and inter-
national standards.

The operation of a noise dosimeter is based on the principle of equal energy,
i.e. on the hypothesis where an equal noise dose is maintained, a reduction -
in the sound level by 3 dB is equivalent to doubling its duration. For exam-
ple, the type 4423 noise dosimeter of the "Bruele and Koer" company operates
on this principle. The instrument, incorporated in a system, makes it possible
to evaluate the level of continuous sound in accordance with the requirements
set forth in ISO recommendations (R1966 and R1999) and in the DIN 45641 stand-
ard [German Industrial Standard]. It can also be used to estimate the noise
level and impact on people.

The following relationship is the basis for the operation of the 4423 noise

dosimeter: r

Co_ 4 (1 p(t)) 201g2
L?““_lg2|g<TJ<po) q d)
1]

“where Laug 1s the equivalent continuous sound level; p(t) is the variable

sound pressure; p, is a reference pressure, equal to 20 uN/mZ; T is the
integration time; q is a parameter which describes the relationship between
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the sound volume and its permissible duration, chosen equal to three based
on ISO and DIN standards.

Under field conditions, the acoustic noise is frequently recorded on magnetic

_ tape by means of portable microphones, The recording i1s calibrated using a
reference signal generated by a sound source using a piston in a closed cylin-
der [pistonphone] or by an acoustic calibrator. For the purpose of obtaining
operationally timely information on the frequency composition of the noise
teing studied, a spectral analysis of the noise is frequently made with octave
or one-third octave filters.

_ (B> -]

Figure 29. Block diagram of an acoustical noise
measurement system,

Key: 1. Microphone;
2, Preamplifier;
3. Frequency spectrometer;
4, Autorecorder.

A noise measurement system with an instrumentation amplifier and a set of
bandpass filters permits more precise measurements and noise analysis under
steady-state conditions, The 2606, 2607 and 2608 instrumentation amplifiers
with the 1613, 1614, 1615 and 1616 bandpass filters (Denmark) can be used in
the system. The 2608 and 2609 instrumentation amplifiers are distinguished by
a built-in A equalization circuit. The 2606 and 2604 amplifiers contain a
- peak value detector, a D equalization circuit and allow for the measurement of
pulsed sound in accordance with the requirements of the standard DIN 45633,
Part II, and the proposals of the International Electrical Engineering Commis-
sion., High values of the averaging time and a more refined rectifier circuit
are provided in the 2607 amplifier than in the other amplifiers. If it is
- possible to adjust the level of signal attenuation, for example, by providing
for a set of type 1613 filters, then noise level measurements in accordance
with a specified noise criterion is simplified, as well as the reading of the
maximum permissible noise level in each octave frequency band., The level of
attenuation of each filter is adjusted by an amount below the calibration level
by which the noise criterion exceeds it. The reading of the noise meter is
limited so that the pointer falls below the mark on all of the filters. 1In
this case, it is not necessary to switch the attenuator for the noise meter
ranges.

A block diagram of a noise analysis and measurement system with a frequency
spectrometer is shown in Figure 29,

The "Messelektronik'" People's Enterprise (GDR) recommends that such a system
be put together with MK102, MK201 and MK30l microphones, the PS1202 precision
sound level meter, the TOAlll one-third octave analyzer and the PSG10l
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autorecorder. The system makes it possible to record the frequency spectrum
of the noise on the chart paper of the autorecorder, in which case, the ana-
lyzer is mechanically coupled to the autorecorder. Because of this, one can
achieve agreement between the frequencies on the chart paper and the analyzer
frequency. The range of frequencies of a system with the MK102 microphone is
from 20 Hz to 20 KHz, with the MK20l microphone, it runs from 30 Hz to 35 KHz,
and with the MK301 microphone, from 30 Hz to 40 KHz. The one-third octave
analyzer makes it possible to analyze noise in a range from 2 Hz up to 160 KHz;
the measurable level range runs up to 140 dB.

The 2113 or 2114 frequency spectrometers of the "Bruele and Koer" company
- (Denmark) can be used in this system, where the center frequencies of the
filters of the 2113 instrument fall in a range of 25 Hz up to 20 KHz, while
for the 2114 instrument, in a range of 2 Hz to 160 KHz, The passbands can be
_ chosen as octave or one-third octave bands.

For narrow band noise analysis in the field, it is convenient to utilize the
2120 frequency analyzer which is powered from an external 12 volt DC source.

A statistical distribution analyzer, which in conjunction with the level auto-
recorder makes it possible to obtain acoustic noise histograms, is used in the
noise measurement system to study the statistical timewise distribution of the
noise levels, as well as the probability of finding noise in a specified range
of levels or the noise exceeding a set level.

A system can be designed, for example, using the equipment of the "Bruele and
Koer" company by employing the 2305 and 2307 level autorecorders, the 4420
statistical distribution analyzer, the 2606, 2607, 2608 or 2609 instrumenta-
tion amplifiers and the 4145 microphone with the 2619 preamplifier, The micro-
phone with the preamplifier is secured to a VAQ049 tripod. Such a system is
used to measure noise doses using the methods recommended by the IS0,

An analog reader or digital encoder is connected to the level autorecorder for
the analog to digital conversion of signal levels. The analog reader provides
for a DC output, the level of which is proportional to the mean square, peak,
or mean value of the sound signal being measured. The output from the analog
reader can be fed to an analog to digital converter, and then to a tape pun-
cher, A digital encoder feeds out data in binary-decimal code, which can be
fed to a taper puncher., In stationary systems, wide use is made of noise re-
cording on magnetic tape by means of instrumentation tape recorders or magneto-
graphs.

For the precise determination of the frequency components of noise, for ex-
ample, when studying acoustic noise produced by machines and mechanisms,
stationary systems with narrow band analyzers of two types are used: those
with a constant relative or a constant absolute width of the passband.

It is convenient to use an analyzer in real time for the measurement of noise
levels, their frequency analysis in octave and one-third octave bands, with
visual observation of the results under steady state conditions., In this

case, the noise spectrum is displayed directly on the screen of a cathode ray
tube as light columns.
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tEor the detailed analysis of audio signals, it is expedient to employ a

1348 real time, narrow band analyzer (of the "Bruele and Koer" company),
which contains 400 filters with a constant bandwidth, The spectrum being
studied in the selected range is displayed on the screen of the CRT in the
form of narrow lines, the number of which is equal to the number of filters.
This spectrum is recorded in digital or analog form,

A computer can be employed to estimate the loudness of a sound, and compute
the level of the perceived sound in decibels and the sound power.

Figure 30, Block diagram of a multi-
channel system for measuring sound power
in an anechoic chamber,

Key: 1, Anechoic chamber;

2, Microphones;

3. Power supplies for the micro-

phones;

4, Channel switcher;

5. Real time analyzer;
6, Analyzer indicator;
7
8

» Level autorecorder;
. Object being studied.

When measuring pulsed sounds, it is expedient to store the mean signal level
and the maximum signal level from the output of the analyzer in real time,
In this way, one can study the frequency spectrum following the cessation
of the sound pulse. The data from the output of the analyzer are fed to a
tape puncher, and then the latter is fed to a computer through a reader.

Multichannel systems are employed to measure the sound power produced by
machines and mechanisms, since the sound pressure must be measured at many
points in the sound field (Figure 30). The microphones are set up around the
machine being studied at design points on the hemisphere and connected through
channel switcher 4 to the real time analyzer 5 sequentially, while the results
are recorded by autorecorder 7. Based on the recording, the mean values of
the sound pressure are determined and the sound power in the individual fre-
quency bands is computed.

A block diagram of a system for determing the sound power is shown in Figure
31, the functioning of which is based on the method of measuring the sound
pressure in the diffusion field formed in a reverberation chamber. A computer
which is provided with the appropriate program automatically controls the in-
strumentation system and computes the sound power, taking into account the ac-
oustical qualities of the test chamber and prints the results of the measure-
ment out on a digital printer.
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Figure 31. Block diagram of a system for determining the
sound power in a reverberation chamber using a
computer,

Key: 1. Reverberation chamber;

2. Microphones;

3. Microphone power supplies;
4, Channel switcher;

5. Real time analyzer;

6. Analyzer indicator;

7. Computer;

8. Numerical printer;

9. Object being studied,

In this system, the channel switcher 4 permits the switching of the channels
both manually and remotely by means of an external clock generator or the
computer 7. Several interconnected channel switchers are used to increase the
number of switched channels. '

The systems described here can be used to measure pulse noise. In this case,
besides the mean square value of the signal level, the positive, negative and
maximum peak values are also determined.

When measuring sound shocks, it is expedient to record them on magnetic tape,
and then after splicing the individual sections of the tape into a loop, to
repeatedly play this recording back for spectral analysis, Instrumentation
tape recorders are employed in such systems which permit the analysis of re-
corded signals with a frequency of down to 0.2 Hz. The signal waveform can
be observed on the screen of an oscilloscope or recorded by means of a level
autorecorder. In this case, the tape recorder is used as a device which
transposes the signal spectrum,
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Digital recorders, in particular, the 7502 (of the "Bruele and Koer" company)
can be used to measure and analyze short term noise pulses and sound shocks.

This device provides for frequency conversion at a ratio of 1:200,000 when
down converting, or a ration of 1:5,000 in the case of up conversion, Analog
and digital outputs are provided in the instrument, as well as a device for
automatic triggering when the signal exceeds a set level,

In a system for measuring and analyzing short term pulse noise and sound
shocks, the microphone is coupled through a microphone system to a digital

- autorecorder, to the output of which a heterodyne analyzer is connected. The
analysis results are recorded by the level autorecorder, A multiplexer can
be used to record the signals simultaneously.

A pulse multiplier is connected to the microphone output in systems intended

for the determination of the timewise variation in the frequency spectrum of

a signal or to isolate frequency components of the signal being studied within

specified time intervals. The signal being studied, which is recorded on mag-

netic tape, which is spliced in a loop, is repeatedly played back by the tape
a recorder and broken down into short intervals by the pulse multiplier.

A real time frequency analyzer with an autorecorder is connected to the output

of the pulse multiplier. Instantaneous spectra can be observed on the screen

or an oscilloscope or spectrum analyzer, A three-dimensional frequency spec-
. trum (level--frequency--time) is plotted for the signal being studied based

on the results of the analysis.

The "Messelektronik" People's Enterprise (GDR) recommends 10 measurement
test stands.

A portable, standard precision sound level meter, the SPM101, with the PF101
monitor sound source, is included in the complement of the first measurement
stand., It is suitable for monitoring the noise at industrial enterprises by
workers in the labor safety and public health inspectorates.

The PS1202 pulse, precision, portable sound level meter with the PF101
pistonphone is included in the complement of the second measurement test
stand. This stand is used in industry, construction, transportation and
medicine. The sound level meter is checked and precisely calibrated using
the pistonphone.

The third measurement stand is intended for the frequency analysis of
noise and contains an additional OF10l octave filter and the ZE322 audio
pickup for the determination of the mechanical oscillations of objects in
the audio frequency range.

The measurement stand which includes the DSM101l constant sound level meter
in addition to the PS1202 and PF10l instruments is intended for production
noise monitoring and the comparison of the frequency spectrum of noise pro-
duced by mechanisms with the permissible standard values,
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The stand which is intended for the equipment of the leading laboratories

and has a self-contained power source 1s a variant of the third stand and

provides for the measurement of sound insulation and the propagation of sound
- waves by the introduction of the SG201 generator, the LV102 power amplifier

and a high power sound radiator.

The sixth stand was described in the analysis of the system shown in Figure
_ 29, while the seventh differs from it in that a SBA1l0l narrow band analyzer
- is introduced in addition.

The eighth stand is designed for testing in the field of room acoustics and
construction acoustics, while the ninth is designed for acoustic instrument
checking. This stand is an all-purpose type and contains the equipment of
the sixth and eighth stands. The tenth stand serves for the determination
of the equivalent constant sound level and the monitoring of the noise level
at work positions,

Acoustic noise analysis and measurement systems are used for the production
monitoring of series produced products for the nolse they generate. Such
monitoring is essential in the development of noiseless and low noise pro-
ducts, and to ascertain defects in the product being tested. 1In this case,
it is important to establish permissible noise levels. Since acoustic noise
is produced in the majority of cases by vibrations, vibration monitoring is

- used instead of noise monitoring. Monitoring the level of vibrations is
especially effective for mechanisms which operate on shock absorbers, since
in this case, the level of interfering vibrations from the operation of other
mechanisms is sharply reduced. However, at high frequencies when the number
of resonant oscillations of the individual components is high, measurements
of the vibrations yield a considerably greater scatter in the readings than
measurements of the acoustic noise. For this reason, it is more expedient
to monitor both the acoustic noise and vibrations.

Systems have been recently used in practice which permit the monitoring of
noise generated in the process of operating machines and mechanisms, and the
testing of equipment for the effect of acoustic noise,

The SUAU control system for acoustic installations has been developed in the
USSR, where this system is intended for the analysis, generation and auto-
matic maintenance of an acoustic noise spectrum in a one-third octave band

of frequencies. The system, with a low frequency amplifier and high power
noise sources, forms a closed control loop, which makes it possible to
realize the simultaneous setting and analysis of acoustic noise with the
output of the measurement results in real time on a screen, a digital display
or a computer output, as well as to store the image on a display screen.
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The Technical Characteristics of the SUAU System

Bandwidth of the filters One-third octave

Range:
of frequencies From 20 Hz to 20 KHz
of automatic level control, dB 40
of programming, dB, no more than 40
Readouts, dB:
on a display screen 10, 25 and 50
on a digital display 50

It is expedient to employ such systems in acoustic laboratories to study the

influence of high power acoustic noise on equipment, as well when designing
equipment to combat noise.
[8144/14-8225]

COPYRIGHT: Izdatel'stvo "Mashinostroyeniye", 1978,

8225
CSO: 8144/0014 END
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